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ABSTRACT 


Force  and  moment  data  are  presented  from  wind  tunnel  tests  of  two- 
dimensional  symmetrical  HACA  63A- Series  airfoils  of  thickness  ratios 
from  9  to  10  percent.  The  tests  were  conducted  at  Mach  numbers 
ranging  from  M  ■  .30  to  M  =  .94^  with  Reynolds  numbers  varying  from 
R  =  2.0  X  106  to  R  »  9.5  X  10«  and  at  angles  of  attack  as  high  as 
29  degrees. 

Comparisons  are  made,  wherever  possible^  with  NACA  tests  of  the  same 
or  similar  airfoils.  The  transonic  similarity  rule  is  used  to  evaluate 
the  consistency  of  the  data. 
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PREFACE 


This  program  presents  the  results  of  a  wind  tunnel  test  program 
to  obtain  two-dimensional  force  and  moment  data  for  symmetrical 
NACA  63A- Series  airfoils  extending  into  the  thicker  range  of  the 
series.  The  thickness  ratios  tested  were  from -9  to  18  percent. 
Angle-of- attack,  Mach  number,  and  Reynolds  number  conditions 
encompass  the  principal  portion  of  the  helicopter  rotor  blade 
airfoil  operating  environment. 

The  program  was  conducted  by  the  Fluid  Dynamics  Laboratory  of  the 
Lockheed-California  Company  under  Contract  DA  W»-177-AMC-lU4(T) 
with  the  U.S.  Army  Transportation  Research  Command.  Technical 
cognizance  was  maintained  by  the  Aeromechanics  Croup  of  the  U.S. 

Army  Transportation  Research  Command.  Mr.  P.  A.  Cancro  served  as 
project  officer  for  this  group. 

Messrs.  J.  C.  Heitmeyer  and  G.  Sim  were  project  managers  for  Lockheed. 
Other  principal  Lockheed  personnel  associated  with  the  program  were 
Messrs.  0.  E.  Sipe,  Jr.,  B.  H.  Robinson,  and  N.  B.  Goreriberg. 


v 


CONTENTS 


Section  Page 

ABSTRACT .  iii 

PREFACE  .  v 

LIST  OF  ILLUSTRATIONS .  viii 

LIST  OF  SYMBOLS .  xi 

SIM4AKY .  1 

CONCLUSIONS .  3 

RECOMMENDATIONS .  3 

1.0  INTRODUCTION .  7 

2.0  BACKGROUND  INFORMATION .  9 

2.1  Scope  of  Bibliographies .  9 

2.2  Results  of  Test  Data  Search .  9 

2.3  Airfoil  Section  Data  and  Rotor  Performance  .  13 

3.0  DESCRIPTION  OF  TEST  ITEMS .  15 

4.0  EXPERIMENTAL  PROCEDURE .  21 

4.1  Wind  Tunnel  Facility .  21 

4.2  Tests .  21 

4.3  Data  Reduction  .  22 

5.0  DISCUSSION .  31 

5*1  Experimented  Results .  31 

5.2  Experimental  Problem  Areas .  31 

5.3  Evaluation  of  Results  .  54 

5.4  Aerodynamic  Characteristics  Variation  With 

Reynolds  Number  .  42 

PLOTTED  AERODYNAMIC  DATA .  45 

BIBLIOGRAPHY  -  Section  A  -  Airfoil  Test  Data  and 

Data  Correlation  Methods  .  451 

BIBLIOGRAPHY  -  Section  B  -  Rotor  Test  Data  .  .  .  456 

DISTRIBUTION .  459 

Appendix  -  Equations  to  Determine  Aerodynamic  Coefficients  .  461 

vii 


ILLUSTRATIONS 


Figure 


2 

3 

1+ 

5 

6 

7 
i 

8 
9 

10 

n 

12 

13 

14 

15 

16 

17 

18 

19 


20 


21 

22 

23 

24 

25 

26 
27 


Test  Condition  Envelope  . 

Lockheed  Tvo- Dimensional  Balance  System  . 

Model  Pitch  Mechanism  . 

Balance  Installation  . 

Airfoil  Installation  in  Test  Section  . 

Wake  Rake  and  Boundary  Layer  Rake  Installation 

Comparison  of  Aerodynamic  Parameters  . 

Comparison  Data,  9-Pcrcent  Sections  . 

Comparison  Data,  12- Percent  Sections  . 

Comparison  Data,  15- Percent  Sections  . 

Correlation  of  Experimental  Data  Using  Transonic 

Similarity  Rule  . 

Variation  of  Maximum  Section  Lift  Coefficient  With 

Mach  Number  . 

Variation  of  Lift-Curve  Slope  at  C|  =  0  With  Mach 

Number  . 

Variation  of  Section  Drag  Coefficient  at  a  =  0  With 

Mach  Number  . 

Variation  of  Angle  of  Attack  at  Cj  =  0  With  Mach 

Number  . 

Variation  of  Section  Pitching  Moment  Coefficient  at 

a  =  0  With  Mach  Number  . 

Variation  of  Aerodynamic  Center  With  Mach  Number  .  . 

Variation  of  Maximum  Section  Lift  Coefficient  With 

Reynolds  Number  . 

Variation  of  Lift-Curve  Slope  at  Cj  =  0  With 

Reynolds  Number  . 

Variation  of  Section  Drag  Coefficient  at  a  *  0  With 

Reynolds  Number  . 

Variation  of  Zero- Lift  Angle  of  Attack  at  Cj  »  0 

With  Reynolds  Number  . 

Variation  of  Section  Pitching  Moment  Coefficient  at 

a  =  0  With  Reynolds  Number  . 

Variation  of  Aerodynamic  Center  With  Reynolds 

Number  . 

Section  Lift  Coefficient  Comparison  for  Various 

Thickness  Ratios,  P  =  3.5  X  106  . 

Sect4  )n  Drag  Coefficient  Comparison  for  Various  Thick¬ 
ness  Ratios,  R  =  3.5  X  106  . 

Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  *  3*5  X  I06  . 

Variation  of  Section  Lift  Coefficient  With  Angle  of 
Attack  at  Constant  Mach  Number,  NACA  Section  63AOO9  . 


10-11 
16 
1  7 

•Jm  ' 

17 
13 

18 

45-49 

50-52 

53-67 

66-70 

71-74 

75-78 

79-82 

8>86 

87-90 

91-94 

95-98 

99-102 

103-107 

108-113 

114-119 

120-125 

126-131 

132-145 

146-159 

160-173 

174-179 


i 


viii 


Figure 


Page 


28  Variation  of  Section  Lift  Coefficient  With  Angie  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOI2  I6O-I85 

29  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOI5  186-191 

50  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOI8  192-197 

51  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOO9  198-203 

32  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOI2  204-211 

33  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AOI5  212-219 

34  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63AO18  220-227 

35  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  at  Constant  Mach  Number,  NACA 

Section  63AOO9  .  228-233 

36  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  at  Constant  Mach  Number,  NACA 

Section  63A012  .  *  234-239 

37  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  at  Constant  Mach  Number,  NACA 

Section  63AOI5  .  240-245 

38  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  at  Constant  Mach  Number,  NACA 

Section  63AOI8  .  246-251 

39  Variation  of  Section  Lift  Coefficient  With  Mach 

Number  at  Constant  Angle  of  Attack,  R  =  3.5  X  1C)6  .  252-259 

40  Variation  of  Section  Drag  Coefficient  With  Mach 

Number  at  Constant  Angle  of  Attack,  R  =  3.5  X  106  .  260-271 

41  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  = 

5.5  x  106  272-283 

42  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOO9 .  284-292 

43  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI2 .  293- 3°2 

44  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI5 . 3O3-3H 

45  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI8 . 312-320 

46  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOO9 .  321-336 

47  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI2 .  337-351 


ix 


Page 


Figure 

48  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI5  . 

49  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack,  NACA  Section  63AOI8  . 

50  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack,  NACA  Section  63AOO9  . 

51  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack,  NACA  Section  65AOI2  . 

52  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack,  NACA  Section  63AOI5  . 

53  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  NACA  Section  63AOI8  . 

54  Wind  Tunnel  Wall  Boundary  layer  . 

55  Wake  Rake  Survey,  NACA  Section  63AOO9 . 

56  Wake  Rake  Survey,  NACA  Section  63AOI2  . 

57  Wake  Rake  Survey,  NACA  Section  63AOI5  . 

58  Wa.  e  Rake  Survey.  NACA  Section  63AOI8 . 

59  Repeatability  Data,  NACA  Section  63AOO9  . 

60  Pitch  Rate  Comparison  Data,  NACA  Section  63AOO9  .  . 


352-365 

566-379 

38O-588 

589-398 

399-407 

408-416 

417-425 

426-428 

429-431 

432-434 

435-436 

435-444 

445-450 


SYMBOLS 


■  Aerodynamic  center 

*  Local  stream  total  pressure ,  p.s.l.a. 

■  Stream  total  pressure  from  wake  rake  orifice ,  p.s.i.a. 

r,y  ,  *1  vj 

•  Factor  for  reduced  drag  coefficient  — ** — — - =7= - 

(t/c)5/5 


Factor  for  reduced  lift  slope,  [(X+l)  M2]  .  (t/c)^”' 


'1-0 


}Ct/  (t/c) 


1  s  0 


>0/  (t/c) 


=  Factor  for  reduced  lift  and  moment  coefficients, 

1.  mi  *  1 1,1 

W.!2'5 

=*  Free  stream  Mach  number 

=>  Mach  number  at  wake  rake  based  on  pressure  ratio, 

=  Reynolds  number  based  on  airfoil  chord 

=  Airfoil  chord,  inches 

»  Section  drag  coefficient 

.2  \(  /1  +  o.afr2 

M  \Vi+  0.2M2  7 

-  Drag  coefficient  increment  at  zero  lift:  drag 
coefficient  at  pertinent  Mach  number  minus 
minimum  drag  coefficient  (occurring  between 
M  -  .5  aid  M  »  .7) 

»  Drag  coefficient  increment  obtained  from  drag  coefficient 
at  a/ ( t/c)  and  pertinent  Mach  number  minus  drag  co¬ 
efficient  occurring  at  zero  lift  and  the  same  Mach  number 


-  Reduced  form  of  Ac 


Reduced  form  of  Ac. 


d,  ;  [ACd,  ]  *  [Kdl 

Cf  -  0  L  >cl  =  Oj  L  J 

4<cV(t/c)'[ACd-a/(t/c)]  '  [Kd] 


xi 


c/ 

Lection 

«-w. 

1+ 

l 

= 

Reduced  . 

C 

— 

c ,  at  Qc.' 

‘’a/(t/c)  =  a 

l 

ZQ, 

C£  =  0 

Lift  slo 

rs 

V 

w  1  a 

l  =  J 

Reduced 

r> 

“m 

•o 

= 

Lection  ; 

c 

".25 

Reduced  ; 

c 

~ 

c  at 

n-25>a'(t/c)  = 

.h 

m.25 

0 

“  3 

- 

Free  str< 

qL 

= 

Local  coi 

qc 

s 

Free  str- 

(t/c) 

= 

Airfoil 

(y/ c ) 

= 

Ratio  of 

a 

= 

Angle  of 
degrees 

V  (t/c) 

= 

Angle  of 
thicknes 

X 

= 

Ratio  of 

£ 

— 

Reduced  1 

'c 


i .  r k. 


>c 


I  -  0  L  L  J 


r  o 

“  — 

Ic 

• 

K 

Ln.25_ 

/,m 

it  otf  (t/c)  =  .4 


Free  strean  static  pressure,  p.s.i.a. 

Local  compressible  dynamic  pressure,  p.s.i.a. 

Free  stream  compressible  dynamic  pressure,  p.s.i.a. 

Airfoil  thickness  ra^io 
=  Ratio  of  vertical  distance  in  wake  to  airfoil  chord 


(M"  -  l) 


[(/+  i);r]  ''  (t/c)2'' 


xii 


SUM-IAKY 


The  two-dimensional  aerodynamic  characteristics  of  MCA  63AOO9, 
65AOI2,  63AOI5,  and  63AOI8  airfoil  sections  have  been  determined  at 
angles  of  attack,  Mach  nisnbers,  and  Reynolds  numbers  which  cover  a 
principal  portion  of  the  helicopter  rotor  blade  airfoil  operating 
environment.  Tests  were  made  for  singles  of  attack  ns  high  as 
29  degrees  and  for  Mach  numbers  ranging  from  M  =  .30  to  M  =  .9^  with 
corresponding  Reynolds  numbers  varying  from  R  =  2.0  X  106  to  R  = 

9.5  X  106.  Some  data  were  outained  on  NACA  63AOI2  over  a  full  180- 
degree  angle-of- attack  range  at  M  =  .30. 

The  absolute  levels  of  the  aerodynamic  coefficients  compared  well, 
in  general,  with  the  aerodynamic  coefficients  obtained  from  force 
and  pressure  data  on  NACA  tests  of  the  same  o.-  similar  airfoils  in 
those  regimes  where  comparison  test  data  were  available. 

Application  of  the  transonic  similarity  rule  to  the  data  showed  very 
consistent  trends  within  the  family  of  airfoils.  In  general,  the 
data  showed  greater  consistency  without  modification  of  parameters 
than  Is  normally  experienced  with  two-dimensional  airfoils  of  thick¬ 
ness  ratios  not  greater  than  10  percent. 
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CONCLUSIONS 


1.  The  data  obtained  in  this  test  fall,  in  general,  between  NACA 
data  obtained  by  force  measurements  ani  NACA  data  obtained  from 
pressure  integrations. 

2.  There  are  portions  of  the  data  which  are  not  well  defined  in 
absolute  level  or  in  trend.  These  include:  drag  coefficients 
near  zero  angle  of  attack  at  Mach  numbers  of  .30  and  .40  at 
low  Reynolds  numbers;  the  angle  of  attack  for  zero  lift  of  the 
18- percent  airfoil;  and  the  variation  of  maximum  lift  coefficient 
with  Reynolds  number  for  the  12-  and  15- percent  sections  at  a 
Mach  number  of  .60.  These  data  are  discussed  in  Sections 
5.4.1,  and  5.4.3. 

3.  From  correlations  with  the  transonic  similarity  rule  and  from 
comparisons  between  the  airfoils  tested,  it  is  concluded  that 
the  results  of  the  program  are  valid  in  both  trend  and  absolute 
value  except  for  the  limitations  noted  above. 
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RECOMMENDATIONS 


1.  The  problem  areas  encountered  in  correlating  the  two-dimensional 
test  data  have  been  resolved.  However ,  additional  testing  is 
reconmended  to  clarify  those  areas  of  questionable  data  from  the 
present  test  program. 

2.  Data  correlations  for  tests  conducted  on  the  same  airfoil  in 
different  facilities  are  poor.  Since  the  NACA  0012  airfoil  has 
been  a  principal  reference  airfoil  in  the  past,  it  is  suggested 
that  this  airfoil  section  be  tested  in  the  present  4-foot  tunnel 
system  to  provide  a  more  complete  base  for  section  comparisons. 

3*  Whirl  tower  tests  have  recently  been  made  on  cambered  NACA 
63A- Series  airfoils  (References  B-17,  B-18,  and  B-19).  Two- 
dimensional  characteristics  obtained  from  wind  tunnel  tests  for 
these  sections  would  provide  valuable  additional  data  for 
correlation  purposes. 
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1.0  INTRODUCTION 


The  concept  of  powering  rotary  wing  aircraft  by  tip  propulsion 
systems  encompasses  a  requirement  for  thick  rotor  blade  airfoil 
sections.  The  requirement  arises  from  either  the  need  to  duct  gases, 
hot  or  cold,  to  tip  mounted  pressure-jet  units  or  the  need  to  provide 
depth  for  increased  structural  reliability  in  the  case  of  tip  mounted 
integral  engines.  At  the  inception  of  this  program,  very  little  two- 
dimensional  performance  data  existed  for  suitably  thick  airfoils  at 
the  pertinent  Mach  number  and  angle-of- attack  conditions.  In  addition, 
a  need  existed  for  section  data  on  thinner  airfoils  at  the  combinations 
of  angle  of  attack,  Mach  number  and  Reynolds  number  which  occur  in 
the  orthodox  rotor  blade  airfoil  environment. 

On  the  basis  of  these  needs,  the  United  States  Army  Transportation 
Research  Command  (USA  TRECOM)  requested  a  wind  tunnel  test  program 
to  obtain  two-dimensional  data  on  several).  NACA  63A- Series  airfoils 
ranging  in  thickness  ratio  from  9  to  18  percent-  A  test  envelope 
was  established  to  encompass  a  principal  portion  of  helicopter  blade 
environment.  Also,  a  search  was  requested  by  USA  TRECOM  to  determine 
whether  or  not  test  data  obtained  under  comparable  test  conditions  were 
available  for  the  selected  airfoils.  The  basic  program  was  subject  to 
review  to  assure  no  duplication  of  effort  other  than  to  obtain  check 
points  or  a  base  line  for  comparisons. 

The  intent  of  this  project  was  to  provide  two-dimensional  test  results 
to  serve  as  a  basis  from  which  rotor  analysis  parameters  could  be 
evolved.  Although  it  is  beyond  the  scope  of  this  project  to  specify 
the  procedures  for  such  application  of  these  data,  acknowledgement  of 
the  requirement  for  that  phase  of  effort  is  noted  in  Section  2.J. 
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2.0  BACKGROUND  INFORMATION 


2.1  SCOPE  OF  BIBLIOGRAPHY 

The  Bibliography  comprises  the  significant  references  examined  in  a 
search  of  test  data.  The  search  was  conducted  to  determine  whether 
or  not  section  data  were  available  for  symmetrical  63A-Series  air¬ 
foils  ranging  in  thickness  ratio  from  9  to  l£  percent  at  Reynolds 
number,  Mach  number,  and  angles  of  attack  occurring  in  the  test 
envelope  described  in  Figures  1A  and  IB.  Sources  of  such  data  are 
listed  only  if  the  data  are  considered  to  be  directly  related  to  the 
subject  matter  of  the  current  investigation  and  are  also  non¬ 
proprietary. 

Section  A  of  the  Bibliography  includes  coverage  of  two-dimensional 
tests,  selected  fixed-wing  three-dimensional  tests,  and  pertinent 
transonic  correlation  techniques.  Section  B  is  grouped  as  an 
entity  of  the  references  which  are  further  characterised  by  the 
inclusion  of  rotor  test  data.  Reference  B-2*  provides  previously 
unpublished  compressible  flow  lilt  and  drag  data  for  the  NACA  0012 
airfoil  which  are  used  in  the  comparisons  of  Section  5»3.2  of  this 
report . 


2.2  RESULTS  OF  TEST  DATA  SEARCH 

2.2.1  Nonduplication  of  Effort  and  Comparative  Data 

In  general,  previously  existing  section  data  for  the  symmetrical 
NACA  63A-Series  airfoils  of  9-  to  18-percent  thickness  ratio  were 
conspicuously  limited  in  the  range  of  one  or  more  of  the  test  parameters 
defining  the  test  envelope  of  this  program.  Examples  of  these  limita¬ 
tions  are  represented  by  the  test  data  of  References  A-J2  and  A-10*. 

Data  for  a  16A010  appear  in  Reference  A-J2  for  Reynolds  numbers  up  to 
9  X  106  an(j  through  angle- of- attack  settings  defining  stall;  however, 
the  test  series  was  conducted  only  at  Mach  numbers  below  M  =  .20. 
Reference  A-10  includes  data  for  the  63AOO9  airfoil  for  Mach  numbers 


#The  letter  refers  either  to  Section  A  or  to  Section  B  of  the 
Bibliography,  and  the  numeral  refers  to  the  corresponding 
reference. 
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from  .JO  to  1.0  tut  only  at  Reynolds  numbers  below  R  =  1.6  X  10°.  Also, 
angles  of  attack  range!  from  <:ero  to  12  degrees  only,  and  Irig  data 
were  limited  to  angles  of  attick  not  exceeding  5  degrees. 

Similar  limitations  occur  ir  the  test  parameters  of  section  data  for 
the  basic  63-Series  symmetrical  airfoils.  Reference  A- ^0  includes 
test  data  for  models  which  cover  the  required  thickness  ratio  range. 

Test  Reynolds  numbers  extend  to  25  X  10°,  and  the  angle-of-att-ack  set¬ 
tings  through  those  defining  stall  are  included.  Again,  the  test 
series  was  conducted  at  Mach  numbers  below  M  =  .20. 

From  the  results  of  the  section  test  data  search f  the  conclusion 
reacned  was  that  this  program  for  testing  the  specified  airfoils 
does  not  represent  a  duplication  of  previous  effort. 

Section  test  data  for  related  airfoils  were  somewhat  less  limited  and 
are  used  for  comparative  purposes  as  feasible.  Reference  A-63  is  an 
example  in  which  test  data  for  the  basic  64-Series  symmetrical  air¬ 
foils  are  provided.  Thickness  ratios  up  to  12  percent  are  represented 
and  test  conditions  ranged  from  low  to  high  subsonic  Mach  numbers. 
Reynolds  numbers  up  to  5.0  X  10^  were  achieved  for  angles  of  attack 
through  stall  and  Reynolds  numbers  up  to  2.4  X  1C)6  were  achieved  at 
higher  angles  of  attack.  The  data  of  Reference  A-63  were  subsequently 
to  be  complemented  by  the  results  of  the  tests  reported  in  Reference 
A- 7.1.  The  latter  program  included  tests  of  the  64-Series  airfoils 
for  15-  and  18-percent  thickness  ratios  as  well  as  tests  of  the  NACA 
0012  airfoil.  The  report  of  the  program  was  released  on  a  preliminary 
basis  for  limited  circulation.  Later,  several  types  of  discrepancies 
were  found  in  the  data.  Although  these  were  partially  explained,  they 
could  not  be  corrected  and,  as  a  result,  the  formal  presentation  of 
the  report  was  cancelled.  Accordingly,  the  unmodified  data  of  Ref¬ 
erence  A- 7-1  are  not  used  for  comparative  purposes  of  this  report. 

NACA  effort  to  assemble  a  better  representation  of  the  NACA  0012 
section  test  data  was  continued.  The  data  and  information  of 
References  A- 33,  A- 7,  A-2,  A-63,  A-l4  and  A-46  were  applied  with  the 
data  of  Reference  A- 7.1  to  assemble  the  two-dimensional  lift  and  drag 
data  published  in  Reference  B-2,  These  data  are  used  in  the 
comparisons  of  Section  5.3*2. 

Comparative  section  test  data  for  symmetrical  airfoils  of  thickness 
ratios  above  12  percent  are,  however,  more  limited.  Reference  A-l4 
provides  test  data  on  the  NACA  0015  airfoil  which  are  used  in  the 
comparison  of  Section  5.3*2.  No  section  test  data  are  directly 
applicable  for  comparison  purposes  at  the  appropriate  Mach  numbers 
for  thickness  ratio  of  18  percent. 


2.3 


AIRFOIL  SECTION  DATA  AND  ROTOR  PERFORMANCE 


The  effects  of  rotor  performance  and,  therefore  vehicle  performance ,  as 
a  function  of  rotor  airfoil  section  are  reflected  in  the  references  of 
Section  E  of  the  Bibliography.  These  references  include  test  data  which 
pertain  to  both  hover  and  forward  flight  conditions.  A  review  of  the 
rotor  experimental  results  and  the  accompanying  analyses  presented  in  these 
reports  makes  evident  the  need  for  analytic  processing  or  ''synthesizing”  of 
section  data  in  proceeding  from  two-dimensional  test  results  to  integrated 
rotor  results. 

Some  significant  deficiencies  found  by  comparing  rotor  test  results  and 
•  analytically  integrated  results  are  rotor  test  indicated  delays  in  air¬ 

foil  section  stall  and  in  airfoil  force  and  moment  divergence  Mach 
numbers.  These  and  similar  differences  have  resulted  in  the  considera¬ 
tion  of  elastic  blade  twisty  centrifugal  pumping  of  boundary  layer , 
radial  skin- friction,  azimuthal  as  well  as  radial  induced  velocity 
distribution  and  flow  separation  as  a  function  of  rate- of- change  of 
cyclic  angle- of- attack  variation.  Presumably,  a  more  rigorous  treat¬ 
ment  of  these  topics  would  minimize  the  need  to  synthesize  the  two- 
dimensional  data. 

The  exploration  of  these  subjects,  however,  continues  to  support  the 
approach  that  differences  in  rotor  performance  are  fundamentally  a 
function  of  the  two-dimensional  characteristics  of  the  airfoils  being 
considered.  It  is  in  this  light  that  the  subject  two-dimensional  tests 
of  63A-Series  airfoils  were  conducted. 
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3.0  DESCRIPTION  OF  TEST  ITEMS 


e 


The  four  models  tested  consisted  of  NACA  63AOO9,  63A012,  63AQI5,  and 
63AOI8  airfoil  sections,  the  coordinates  for  which  were  obtained 
and/or  developed  from  Reference  A-X  and  A- 2.  The  63AOI5  and  63AOI8 
models  were  fabricated  of  aluminum  but  model  strength  and  deflection 
considerations  dictated  the  use  of  heat-treated  steel  for  the  63AOO9 
and  63A012  models.  Each  had  a  chord  of  8  inches  and  completely  spanned 
the  4- foot  tunnel.  The  maximum  deviation  of  the  section  coordinates 
from  the  specified  values  listed  in  Table  I  was  less  than  .005  inch. 

Special  model  support  structure  and  actuating  mechanisms  were  re¬ 
quired  for  this  test.  This  equipment  (See  Figures  2,  3,  and  4)  in¬ 
cluded  two  six- component  strain  gauge  balances,  two  ring  and  worm 
gear  assemblies,  and  a  single  electric  drive  motor  and  associated 
shafts  and  couplings;  the  equipment  was  housed  in  the  plenum  chamber 
between  the  inner  and  outer  walls  of  the  transonic  test  section  cart. 

In  order  to  minimize  the  deviation  from  two-dimensional  flow  at  the 
airfoil- tunnel  wall  Junctures,  the  normally  perforated  tunnel  side¬ 
walls  were  lined  with  dural  sheets.  The  perforations  in  the  floor 
and  ceiling  of  the  test  section  were,  of  course,  left  open.  The 
models  were  tip- supported.  They  extended  through  cutouts  in  non¬ 
metric  discs  which  were  flush  with  the  inner  walls  of  the  tunnel. 

The  l/ 8-inch  gaps  between  the  model  and  the  cutouts  in  the  discs 
were  sealed  with  soft  rubber.  The  airfoil  installation  is  shown  in 
Figure  5. 

The  metric  support  system  provided  for  varying  the  angle  of  attack 
of  the  models  about  the  25-percent  chord  point  through  a  36O-' 'gree 
angle  range.  The  tunnel  wall  discs  and  force  balances  were  rotated 
wi'  the  airfoil  by  the  airfoil  actuating  mechanism  but  were  non- 
mev>lc.  Model  angle  of  attack  was  sensed  by  a  potentiometer  directly 
coupled  with  the  drive  system. 
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Figure  4.  BALANCE  INSTALLATION 


IT 


Figure  5.  AIRFOIL  INSTALLATION  IN  TEST  SECTION 


Figure  6.  WAKE  RAKE  AND  BOUNDARY  LAYER  RAKE  INSTALLATION 
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TABLE  1 


AIRFOIL  SECTIOH  DATA 


X 

Horizontal  Distance 
Along  Chord,  Inches 

Vertical 

Distance  Above 

t  Y 

and  Below  Chord,  Inches 

63A009 

63A012 

63A015 

63AOI8 

0 

0 

0 

0 

0 

.o4o 

0.0590 

0.0778 

O.O962 

0.1138 

.060 

0.0710 

0.0938 

0.1158 

O.1369 

.100 

0.0901 

0.1194 

0.1475 

0.1739 

.200 

0.1251 

0.1662 

0.2063 

0.2450 

.400 

0.1737 

0.2316 

0.2894 

0.3473 

.600 

0.2100 

0.2803 

0.3506 

0.4208 

.800 

0.2392 

0.3195 

0.3998 

0.4800 

1.200 

0.2842 

0.3798 

0.4754 

0.5711 

1.600 

0.3166 

0.4230 

0.5295 

0.6370 

2.000 

0.3392 

0.4531 

0.5673 

0.6818 

2.400 

0.3535 

0.4721 

0.5907 

0.7093 

2.800 

0.3596 

0.4796 

0.5997 

0.7198 

3.200 

0.3578 

0.4766 

0.5948 

0.7127 

3.600 

0.3486 

0.4634 

0.5772 

0.6904 

4.000 

0.3327 

0.4414 

0.5486 

0.6545 

4.  Ijj'y) 

0.3112 

0.4ll8 

0.5110 

0.6101 
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TABLE  1  (contd.) 


X  t  Y 


Horizontal  Distance 
Along  Chord,  Inches 

Vertical 

Distance  Above 

and  Belov  Chord,  Inches 

63A009 

63A012 

63A015 

63A018 

4.800 

0.2847 

0.3760 

0.4656 

0.5563 

5.200 

0.2542 

0.35*9 

0.4138 

0.4910 

5.600 

0.2200 

0.2897 

0.3574 

0.4237 

6.000 

0.1840 

0.2421 

0.2985 

0.3558 

6.400 

0.1475 

0.1541 

0.2393 

0.2837 

6.800 

0.1U0 

0.1461 

0.1802 

0.2136 

7.200 

0.0745 

0.0980 

0.1210 

0.1434 

7.600 

0.0580 

0.0500 

0.0760 

0.073* 

8.000 

0.0016 

0.0020 

0.0026 

0.0032 

Leading  Edge  Radius 

0.0486 

0.0860 

0.1304 

0.1824 

Trailing  Edge  Radius 

0,0018 

0.0022. 

0.0030 

0.0038 

4.0  •  EXPERIMENTAL  PROCEDURE 


4.1  WIND  TUNNEL  FACILITY 


The  tests  were  conducted  in  the  Lockheed- California  Company  Fluid 
Dynamics  Laboratory  4- by- 4- foot  supersonic  wind  tunnel.  The  tunnel 
is  of  the  blow-down  type  and  uses  air  as  the  test  medium.  For  test¬ 
ing  in  the  transonic  range,  a  portable  test  section  cart  having 
perforated  walls  enclosed  within  a  vented  plenum  chamber  is  inserted 
into  the  circuit.  For  these  tests,  the  perforations  in  the  sidewalls 
only  were  covered  in  order  to  minimize  span- wise  flow. 

4.2  TESTS 

The  nominal  ranges  of  test  Mach  number,  Reynolds  number  and  angle 
of  attack  through  which  the  models  were  tested  are  tabulated  below. 

A  detailed  outline  of  the  test  program  is  presented  in  Table  2. 

The  minimum  Reynolds  number  attainable  at  each  Mach  number  was  set  by 
tunnel  flow  control  limitations;  and  the  maximum  Reynolds  number 
and  angle  of  attack  at  each  Mach  number,  by  model  strength  and  de¬ 
flection  limitations. 

Mach  No.  Reynolds  No.  Angle  of  Attack 

.3  to  .94  2  X  106  to  9.5  X  106  -4°  to  25°  for  M  < .80 

-5°  to  5°  for  M  >  .80 

The  pitch  actuating  mechanism  provided  the  capability  of  varying  the 
model  single  of  attack  at  a  rate  of  5*9  degrees  per  second.  Data  were 
continuously  recorded  as  each  model  was  pitched  at  this  rate  from  a 
negative  angle  of  attack  through  the  angle- of- attack  range.  A  data 
system  with  the  high  Rampling  rate  of  7000  samples  per  second  assures 
data  compatability  within  .02  degree.  To  verify  that  the  pitch  rate 
did  not  affect  the  data,  check  runs  were  made  with  data  recording 
occurring  at  fixed  angles  of  attack  (See  Figure  60). 

The  duration  of  each  run  was  dependeni  cn  the  test  conditions,  Mach 
number,  Reynolds  number,  and  angle-of-attack  range  and  varied  from 
15  seconds  to  30  seconds. 

A  40-tube  total  pressure  rake  (See  Figure  6)  was  installed  20  inches 
behind  the  model  pivot  station  to  measure  the  wake  drag  of  each  model. 
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DATA  REDUCTION 


The  data  are  presented  in  the  form  of  the  following  dimensionless 
aerodynamic  section  coefficients: 


where 

L 

D 

m 

c 

S 

q 


section  lift  coefficient  =  L/qS 

section  drag  coefficient  =  D/qS 

section  pitching  moment  coefficient  *  ra/qSc 


net  lift,  positive  upwards ;  pounds 

net  drag,  positive  aft;  pounds 

net  pitching  moment  about  .25c,  positive  nose  up; 

inch- pounds 

airfoil  chord;  inches  =  8 

airfoil  area;  square  inches  =  38k 

incompressible  free  stream  dynamic  pressure;  psia 


U.3.1  Data  Computation 

The  forces  on  the  model  were  sensed  as  electrical  outputs  in 
millivolts  from  each  strain  gauge  component  of  the  balances,  and 
recorded  on  magnetic  tape  in  digital  form.  These  data  were  then 
transformed  to  forces  using  a  calibration  matrix,  and  thence  into 
the  appropriate  aerodynamic  coefficients  through  the  equations  of 
the  Appendix. 


U.3,2  Corrections  to  Data 


Since  the  test  section  had  perforated  top  and  bottom  walls,  no  correc¬ 
tions  for  wind  tunnel  wall  interference  are  applied.  The  data  have 
been  corrected  for  a  flow  inclination  of  -.2  degree  at  M  *  .30. 


The  wind  tunnel  wall  boundary  layer  profiles  measured  along  the  side 
walls  are  presented  in  Figure  5*+»  The  force  data  in  this  report  have 
not  been  corrected  for  the  effects  of  the  tunnel  wall  boundary  layer. 
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U . 3 • 3  Data  Precision 


Consideration  of  the  processes  involved  in  the  measurement  and 
computation  of  the  data,  repeatability  of  the  data,  and  experimental 
data  point  scatter  results  in  the  following  limitations  on  the 
accuracy  of  the  data: 

c!  =  +  .01 

*cf  =  t  *°5 

zmax 

c  =  +  .0007 

d 

c  =  .OGk 

*.25 

M  =  .01 
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TABUS  2 


TEST  PROGRAM 


Mach  No. 

NACA  Airfoil  Section  63AOO9 

^  Angle-of-Attack.  Range 

Reynolds  No.  X  10"°  (degrees) 

•y- 

5.8 

-4 

to 

+24 

•  37 

2.1 

-4 

to 

+27 

•  38 

3.9 

-4 

to 

+28 

M 

2.5 

-4 

to 

+24 

A9 

4.7 

-4 

to 

+26 

A9 

7.0 

-4 

to 

+27 

.58 

2.8 

-4 

to 

+28 

.60 

5.2 

-4 

to 

+27 

•  59 

7.9 

-4 

to 

+24 

.67 

3.2 

-4 

to 

+24 

.69 

5.9 

-4 

to 

+26 

.68 

8.7 

-4 

to 

+6 

.73 

8.2 

-4 

to 

+25 

.7^ 

6.0 

-4 

to 

+21 

.7^ 

8.8 

-4 

to 

+7 

•  79 

3.4 

-5 

to 

+26 

.79 

6.0 

-5 

to 

+12 

.79 

9-5 

-5 

to 

+5 
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TABLE  2  (contd.) 

NACA  Airfoil  Section  63AOO9 

-6 

Angle- of-At tack  Range 

Mach  No. 

Reynolds  No.  X  10 

(degrees) 

.88 

3-6 

-5  to  +5 

.89 

6.3 

-5  to  +5 

.89 

9.5 

-5  to  +5 

•  93 

3-7 

-5  to  +5 

.94 

6.5 

-5  to  +4 

.94 

9.8 

-5  to  +4 

NACA  Airfoil  Section  63AOI2 

.26 

1.6 

-5  to  +24 

.30 

3.0 

-5  to  +180 

•32 

5.9 

-4  to  +26 

•35 

2.1 

-5  to  +27 

•39 

3.8 

-5  to  +25 

.47 

2.4 

-4  to  +26 

.49 

4.6 

-4  to  +24 

.49 

7.1 

-4  to  +22 

.57 

2.9 

-4  to  +25 

.58 

5.2 

-4  to  +24 

.59 

7.8 

-4  to  +27 

25 


9 


% 


TABLE  2  (corrtd.) 


NACA  Airfoil  Section  63A012 

Mach  No. 

Reynolds  No.  X  10  ^ 

Angle-of- Attack  Range 
(degrees) 

.68 

3-2 

-4 

to 

+25 

•  69 

5.7 

-5 

to 

+28 

.69 

8.5 

- 4 

to 

+26 

•73 

3-3 

to 

+20 

.7^ 

5-7 

-4 

to 

+20 

.7^ 

8.8 

to 

+17 

.78 

3.4 

-4 

to 

+13 

.78 

6.1 

-6 

to 

+12 

.79 

9-0 

-5 

to 

+13 

.89 

3.6 

-5 

to 

+5 

.89 

6.3 

-5 

to 

+5 

.89 

9.5 

-5 

to 

+5 

•95 

3.6 

-5 

to 

+6 

•  9* 

6.5 

-5 

to 

+6 

•  9^ 

9.5 

-5 

to 

+6 
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TABL2  2  (conti. ) 


NACA  Airfoil  Section  63A015 

Angle- of- At tack  Range 

Mach  No.  Reynolds  No.  X  10"b  (degrees) 


,26 

1.6 

-5  to  +27 

.29 

2.9 

-5  to  +27 

.36 

2.0 

-5  to  +29 

.38 

3.8 

-5  to  +29 

.47 

2.5 

-5  to  +28 

.49 

4.5 

-5  to  +27 

.49 

6.9 

-5  to  +27 

.57 

2.8 

-4  to  +27 

.59 

5.1 

-4  to  +26 

.59 

7.8 

-4  to  +8 

.65 

2.2 

-5  to  +28 

.69 

5.9 

-4  to  +6 

.70 

3.6 

-5  to  +6 

.73 

3.3 

-4  to  +22 

.74 

5.8 

-5  to  +6 

.74 

8.5 

-4  to  +6 

.78 

3.4 

-5  to  +17 
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TABLE  2  (ccnti. ) 


Mach  No. 

NACA  Airfoil  Section  63AOI5 

g  Angle- of- At tack  Range 

Reyncxds  No.  X  10  (degrees) 

.79 

5.9 

-4 

to 

+6 

.79 

9.0 

-5 

to 

+6 

.88 

3.6 

-5 

to 

+7 

.89 

6.1 

-3 

to 

+6 

.90 

9.6 

-5 

to 

+6 

•  93 

3.7 

-5 

to 

+6 

.9^ 

6.4 

-5 

to 

+6 

•  9^ 

9.8 

-5 

to 

+6 

NACA  Airfoil  Section  65AOI8 

.27 

1.6 

-5 

to 

+27 

.29 

2.9 

-5 

to 

+27 

•  32 

4.4 

-5 

to 

+27 

.36 

2.1 

-5 

to 

CO 

OJ 

+ 

.38 

3.8 

-5 

to 

+23 

•  35 

5-8 

-5 

to 

*19 

•  52 

2.5 

-5 

to 

+29 
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TABLE  2  (contd. ) 


Mach  No. 

NACA  Airfoil  Section 

Reynolds  No.  X  10  ^ 

63A013 

Angle- cf- At tack  Range 
(degrees) 

4.6 

-3 

to 

+27 

.57 

2.9 

-4 

to 

+27 

.59 

5.2 

-4 

to 

+27 

.59 

7.8 

-4 

to 

+27 

.67 

3.2 

-4 

to 

+27 

.69 

6.0 

-4 

to 

+28 

.69 

8.5 

-4 

to 

+26 

.75 

3-3 

-5 

to 

+21 

.7* 

5.9 

-4 

to 

+21 

.74 

8.8 

-4 

to 

+21 

.78 

3-5 

-5 

to 

+14 

•  79 

6.0 

-5 

to 

+14 

.79 

9.1 

-5 

to 

+12 

.88 

3*6 

-5 

to 

+5 

.89 

6.3 

-5 

to 

+5 

.89 

9.6 

-5 

to 

+5 

•95 
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5.0  DISCUSSION 


5.1  EXPERIMENTAL  RESULTS 

The  basic  test  results  are  presented  in  graphic  form  in  Figures  42 
through  53 •  Because  of  slight  variations  in  the  actual  Reynolds 
number  and  Mach  number  at  which  comparable  runs  were  made,  the  data 
have  been  cross- plotted  at  constant  values  of  Reynolds  number 
between  R  =  2.0  X  10^  and  R  =  9*5  X  106  in  increments  of  R  -  1.5  X  10&. 
Tne  aerodynamic  coefficients  are  shown  varying  with  angle  of  attack  at 
constant  Mach  number  and  with  Mach  number  at  constant  angle  of  attack 
(Figures  27  through  4l), 

A  Reynolds  number  of  R  =  5*5  X  10^  was  selected  as  the  basic  condition 
for  analysis  and  comparison.  Test  data  over  the  largest  range  of  Mach 
numbers  were  obtained  at  this  Reynolds  number.  Also,  most  of  the  test 
data  available  from  other  sources  were  run  at  a  comparable  Reynolds 
number.  Data  from  this  test  program  are  presented  in  Figures  7  through 

11  in  a  form  suitable  for  comparison  with  other  test  data,  and  in  Figures 

12  through  26  for  direct  evaluation  of  thickness  ratio  effects. 

5.2  EXPERIMENTAL  PRQBIEM  AREAS 

Some  of  the  basic  plots  show  minor  gaps  in  the  data.  During  the 
course  of  these  runs,  the  normal  force  recorded  by  one  of  the  balances 
was,  for  unknown  reasons,  significantly  lover  than  that  recorded  by  the 
second  balance.  Where  this  discrepancy  occurred,  the  data  are  omitted. 
Runs  for  which  a  large  number  of  data  points  were  affected  by  this 
condition  were  computed  using  twice  the  lift  and  drag  measured  by  the 
unaffected  balance.  This  is  a  valid  procedure  since  each  of  the  force 
balances  measured  one- half  of  the  force  on  the  model,  as  can  be 
determined  from  an  analysis  of  the  model  as  a  simple  beam  supported 
at  either  end. 

A  series  of  calibration  runs  using  the  test  model  in  the  transonic 
section  revealed  that  the  value  of  maximum  lift  for  a  two-dimensional 
airfoil  was  affected  by  the  downstream  diffuser  throat  setting  and 
the  associated  amount  of  bleed  required  to  produce  the  desired  Mach 
number  -  Reynolds  number  combination.  These  calibration  data  provided 
throat  settings  at  R  =  6  X  10°  for  each  of  the  Mach  numbers  required 
for  this  test  such  that  the  true  maximum  lift  was  realized;  tests 
were  not  run  at  values  of  R  other  than  6  X  10°  due  to  lack  of  time. 

It  is  possible  that  the  threat  settings  chosen  were  not  optimum  for 
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the  other  values  of  Reynolds  nuaber;  in  fact,  during  the  analysis  of  the 
data  after  conclusion  of  the  test,  it  vas  discovered  that  some  of  the 
values  of  maximum  lift  at  R  =  6  X  1C)6  were  low.  However,  since  by  this 
time  the  experimental  setup  had  been  removed  from  the  test  section,  it 
was  impossible  to  rerun  these  points  using  a  different  throat  setting. 

In  general,  the  shape  of  the  drag  polars  is  consistent  with  previously 
recorded  data.  However,  several  of  the  polars  (Figures  46B-1  and  -2, 
U7A-1,  -2,  V?C-1,  -2,  U7D-I,  -2,  49A-1,  -2,  and  49B-1,  -2)  are  not  well 
defined.  These  include  the  9- percent  section  at  M  =  .40  at  all  Reynolds 
numbers,  the  12- percent  section  at  M  =  .50  and  M  =  .40  at  all  Reynolds 
numbers,  and  at  M  =  .50  at  the  lowest  Reynolds  numbers,  the  18-percent 
section  at  M  »  .50  at  all  Reynolds  numbers  and  at  M  =  .40  at  the  lowest 
Reynolds  numbers.  The  poor  definition  of  the  polar  at  these  test 
conditions  seems  to  be  primarily  a  result  of  excessive  data  scatter; 
this,  in  turn,  is  a  result  of  the  low  level  of  loads  at  these  conditions. 

The  structured  characteristics  of  the  models  limited  on  occasion  the 
maximum  angle  of  attack  at  which  tests  could  be  run  without  risking 
structured  failure.  The  models  affected  include  the  9- percent 
section  at  H  =  .70  and  M  =  .75  for  the  highest  Reynolds  number,  and 
the  15- percent  section  from  M  *  .70  to  M  =  .80  except  at  the  lowest 
Reynolds  number. 

A  wake  survey  rake  was  incorporated  at  the  test  installation  to  provide 
a  check  on  the  value  of  the  drag  coefficient  for  zero  angle  of  attack. 
However,  excessive  data  scatter  in  the  Mach  number  range  M  =  .30  to 
M  =  .50  prevented  definition  of  the  wake  profile  in  this  region.  In 
addition,  Mach  numbers  greater  than  M  »  .74  produced  a  wake  that  was 
too  wide  to  be  accurately  defined  by  the  rake. 

The  drag  coefficient  at  zero  angle  of  attack  is  based  upon  the  value 
obtained  from  the  wake  survey  at  M  =  .60  to  M  =  .74,  where  the  wake 
profiles  were  well  defined  (Figures  55  through  58  represent  typical 
examples).  Force  data  were  adjusted  to  agree  with  the  wake  survey 
value  where  appreciable  differences  existed.  Longitudinal  pressure 
gradients,  which  would  affect  the  drag  data,  were  believed  to  account 
for  these  differences  when  they  occurred. 

Normal  manufacturing  tolerances  in  the  teeth  of  the  actuating  gears 
and  associated  mechanism  resulted  in  very  small  angle- of- attack 
differences  at  the  two  ends  of  the  model  airfoils.  This  action 
produced  pitching  moment  tares  sinusoidal  in  nature  and  of  opposite 
signs  for  the  two  balances.  The  average  pitching  moment  tare  that  was 
used  for  data  reduction  could  produce  discrepancies  in  the  pitching 
moment  coefficient  data,  particularly  in  the  area  near  zero  angle  of 
attack  where  the  values  of  pitching  moment  are  small. 
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The  wind  tunnel  boundary  layer  was  determined  for  the  various  test 
conditions  by  means  of  a  survey  mAe  installed  in  corrjunction  with  the 
9-percent  airfoil  section  model.  Integration  of  a  few  typical 
boundary  layer  profiles  showed  that  a  reduction  in  the  measured  forces 
of  from  3.5  to  6.5  percent  was  possible f  depending  on  Mach  number. 
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5-3 


EVALUATION  OF  TEST  RESULTS 


5- 3-1  Comparative  Urta  and  Theory 

The  test  results  of  this  program  are  evaluated  on  the  bases  of  com¬ 
parisons  with  other  test  results  and  on  the  application  of  Spreiter's 
form  of  the  Von  Karman  Transonic  Similarity  Rule. 

Testing  the  same  airfoil  or  near  Identical  airfoils  in  different  wind 
tunnels  has  produced  different  results  at  corresponding  test  parameters 
(see  Reference  A-2U,  for  example).  Test  data  on  airfoils  which  are 
compared  with  the  results  of  this  program  show  large  differences  which 
cannot  be  fUlly  explained.  It  is  not  reasonable,  however,  to  exclude 
any  of  these  sets  of  data  from  the  comparisons. 

The  transonic  similarity  rule  provides  a  useful  tool  for  evaluating 
relative  characteristics  of  a  family  of  airfoils.  It  is  accepted 
that  the  application  of  the  transonic  similarity  rule  to  the  results 
for  thicker  airfoils  is  essentially  empirical  since  the  theoretical 
development  is  related  to  assumptions  for  thinner  airfoils. 

It  is  with  these  acknowledged  limitations  in  theory  and  in  other  test 
data  that  the  evaluation  of  the  results  of  this  program  is  made. 

5-3*2  Comparisons  With  Other  Test  Results 

Presented  below  are  comparisons  of  the  test  data  of  this  report  and 
NACA  test  data  on  the  same  or  similar  airfoil  sections. 

5*3*2*  1  9-Pei*cent  Thickness  Ratio 

Reference  A-10  provides  some  test  data  on  the  NACA  63AOO9.  Limitations 
of  these  data,  other  than  for  range  of  angle  of  attack  and  upper  value 
of  Reynolds  number,  are  related  to  the  fact  that  no  suitable  correction 
could  be  applied  to  the  angle  of  attack  for  jet  deflection.  Results 
from  Reference  A-10,  with  the  cn  data  recalculated  to  provide  c^  data, 
are  compared  with  the  results  of  this  program  in  Figures  8a,  8b  and  8c 
as  well  as  in  Figure  7B. 

The  major  effect  of  no  correction  for  jet  deflection  in  the  data  of 
Reference  A-10  is  a  higher  geometric  angle  of  attack  than  that  sensed 
by  the  airfoil.  Page  10  of  that  reference  states  that  because  of  this 
effect,  all  the  corresponding  normal  force  slope  data  are  low. 

This  explanation  accounts  for  the  fact  that  lift  data  of  Reference  A-10 
shown  in  Figure  JB  are  lower  than  the  data  determined  in  this  program. 


The  a.ngle-of-attack  disparity  also  applies  for  the  generally  lower 
level  cf  drag  data  shown  for  Reference  A- 10  in  Figures  8B  and  7B. 
Data  for  cE^-  versus  Mach  nunber  are  compared  in  Figure  SC.  Both 
airfoils  show  similar  trends  with  Mach  number,  but  the  data  from 
Reference  A-1Q  tend  to  be  mere  positive  with  increasing  angle  of 
attack . 

Comparative  data  for  c/  :3ax  have  been  obtained  with  representative 
data  for  an  NACA  62-009  airfoil  by  cross-plotting  for  a  9-Pe^cent 
thickness  ratio  with  the  data  from  Reference  A- 63.  The  cj  Mi:  data 
comparison  for  that  airfoil  and  the  airfoil  of  this  program  appears 
in  Figure  75*  The  data  show  similar  trends  up  to  M  =  .60  at  which 
cf  max  values  for  the  6V-*.fl09  airfoil  exceed  those  of  the  63AOO9  air¬ 
foil. 


5. 3*2. 2  12- Percent  Thickness  Ratio 


This  portion  of  the  comparisons  for  the  airfoil  of  12- percent  thick¬ 
ness  ratio  excludes  comparisons  related  to  the  rotation  of  the  airfoil 
through  180  degrees  in  angle  of  attack.  Comparisons  associated  with 
that  range  in  angle  of  attack  and  the  corresponding  unstalled  angles 
of  attack  in  forward  and  reverse  flow  are  presented  in  Section  5 *3*2.5 • 

Data  pertinent  to  the  comparisons  of  this  section  are  presented  in 
Figures  7-C,  9A-1,  9A-2,  92-1  92-2,  91-1,  and  91-2.  Coefficient  data 

for  angles  of  attack  through  o  degrees  are  again  included  from  Refer¬ 
ence  A- 10  but,  at  this  thickness  ratio,  the  airfoil  is  of  the  NACA 
64A- Series.  Again,  the  cn  data  have  been  recalculated  to  provide  c 1 
data;  and  again,  the  comment  about  no  correction  to  the  angle  of 
attack  due  to  jet  deflection  is  applicable  to  data  for  this  reference. 

Coefficient  data  for  all  angles  of  attack  shown  in  the  comparison  have 
been  obtained  for  the  NACA  64^-012  airfoil  from  Reference  A-63.  Lift 
coefficient  data  through  a  =  10  degrees  have  been  obtained  for  NACA  0012 
airfoil  from  Reference  B-2.  Additional  data  for  all  coefficients  have 
been  obtained  for  the  NACA  0012  airfoil  at  angles  of  attack  up  to  2 
degrees  from  Reference  A- 11. 

In  the  angle-of-attack  range  for  zero  to  8  degrees,  test  data  are  shown 
for  the  NACA  62 A012  and  NACA  62^-012  airfoils  in  addition  to  that  for 
the  NACA  63AOI2  airfoil  tested  in  this  program  (See  Figures  9A-1,  JJE-l, 
92-2,  and  9I-l)*  It  is  pertinent  to  note  that  the  c /,  c^  and  ^25 

data  for  the  MCA  63AOI2  airfoil  fall  between  the  corresponding  data 
of  the  other  two  NACA  6- series  airfoils  over  the  greatest  portion  of 
the  Mach  number  range  and  through  the  8-degree  angle-of-attack  range. 

An  examination  of  the  test  techniques  of  Reference  A-63  and  A- 10  makes  it 
evident  that  the  MCA  62^-012  airfoil  data  were  balanced-measured  while 
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the  MCA  64A012  airfoil  data  were  pressure- contour  and  wake- measured. 

The  balance- measured  data  for  the  MCA  63A012  airfoil  of  this  program 
generally  fall  between  the  other  data.  It  may  be  further  noted  that 
in  a  check  of  data  differences,  the  C|  data  spread  at  a  »  4  degrees 
for  data  from  two  MCA  0012  airfoil  data  sources  is  found  to  be  as  great 
as  the  C£  data  spread  for  the  MCA  64A012  and  the  MCA  64^-012  airfoils 
at  all  of  these  angles  of  attack. 

In  Figures  9A-2  S®-2,  and  91-2  for  a  >  8  degrees,  data  for  the  64j-012 

airfoil  are  further  compared  with  the  data  for  the  MCA  63A012  airfoil. 

The  cj  and  the  c,j  data  continue  the  trend  for  the  lower  angles  and  are 
generally  higher  for  the  MCA  64^-012  airfoil  than  for  the  MCA  63AOI2 
airfoil.  The  cm  data  reverse  the  trend  of  the  lower  angles  and  become 
more  negative  for  the  MCA  64j-012  airfoil  with  increasing  angle  of 
attack. 

The  ca  data  comparison  of  the  summary  graph  of  Figure  7C  has  already 
been  discussed.  The  lift  slope  data  for  the  MCA  63AOI2  airfoil  is 
consistent  with  the  other  comparisons  in  that  these  data  fall  between 
the  corresponding  data  for  the  MCA  64A03.2  and  the  MCA  64^-012  air¬ 
foils.  The  C£  max  data  for  the  MCA  63A012  is  shown  as  less  than  that 
for  either  MCA  64^-012  and  the  MCA  0012  airfoils. 

5.3. 2. 3  15-Percent  Thickness  Ratio 

Comparative  data  for  the  15-percent  thickness  ratio  are  obtained  for 
the  MCA  0015  airfoil  from  Reference  A-l4.  These  data  are  presented 
in  Figures  10A,  10B,  and  IOC  as  well  as  in  Summary  Figure  7D.  The 
largest  range  of  Cj  and  cd  data  from  Reference  A-l4  was  measured  in 
the  positive  angle- of- attack  range,  but  the  c^  data,  which  were 
obtained  separately  by  wake- rake f  were  measured  through  a  negative 
angle-of- attack  range.  For  the  comparisons  made  here,  these  ca  data 
are  applied  as  if  for  a  positive  angle- of- attack  range. 

In  light  of  the  large  differences  in  test  data  results  shown  for  air¬ 
foils  within  the  MCA  6- Series  family,  the  comparison  of  data  for  the  MCA 
63AOI5  airfoil  of  this  program  and  the  test  data  for  the  MCA  0015  air¬ 
foil  of  Reference  A-l4  cannot  be  considered  as  absolute. 

In  Figure  10A,  it  may  be  seen  that  the  lift  coefficient  data  are 
generally  higher  for  the  MCA  63AOI5  airfoil  and  that  a  higher  Mach 
number  can  be  attained  at  a  >  2  degrees  before  lift  loss  due  to 
compressibility  occurs.  In  Figure  rJDf  the  lift  slopes  do  not  differ 
appreciably,  but  the  cj  nax  tends  to  remain  higher  with  increasing  Mach 
number  for  the  MCA  63AOI5  airfoil. 
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Examination  of  the  drag  coefficient  data  in  Figures  10B  and  JD  show 
acceptable  experimental  difference  at  the  low  Mach  numbers  and  low 
angles  of  attack,  */ith  increasing  angle  of  attack,  the  force  data 
measurements  for  the  63AOI5  airfoil  of  the  program  are  probably 
more  applicable  than  the  wake- rake  measurements  of  Reference  A-l4. 

In  any  case,  the  comparison  shows  a  delay  in  drag  divergence  Mach 
number  for  the  63AOI5  airfoil. 

The  pitching  moment  coefficient  comparison  is  presented  in  Figure 
IOC.  The  negative  cm  25  values  for  the  NACA  001 5  airfoil  at  low 
angles  of  attack  and  low  Mach  number  are  questionable  and,  therefore, 
the  data  for  that  airfoil  should  be  reviewed  for  incremental  changes 
with  increasing  angle  of  attack  and  Mach  number.  Again,  the  compari¬ 
son  shows  a  delay  in  compressibility  effects  for  the  NACA  63AOI5  air¬ 
foil.  Moment  divergence  occurs  later  for  the  63AOI5  airfoil,  and 
cm  25  for  this  airfoil  displays  only  a  slight  tendency  toward  the 
negative  before  increasing  positively  with  an  Increase  in  Mach  number 
beyond  moment  divergence. 

5.3*2.^  18-Percent  Thickness  Ratio 

Obvious  difficulties  have  been  demonstrated  in  the  process  of  evalu¬ 
ating  test  results  by  comparisons  with  other  test  data.  Other  test 
data  for  airfoils  of  18-percent  thickness  ratio  are  not  directly 
applicable  to  such  comparison,  especially  for  the  Mach  number  range 
of  this  program.  The  data  of  Reference  A- 32  that  apply  to  this 
thickness  ratio  correspond  to  the  data  of  Reference  A-7.1  which  are 
not  used  in  this  comparison  because  of  the  reason  explained  in 
Section  2.2.1.  The  evaluation  of  the  data  for  the  63AOI8  airfoil 
is,  therefore,  based  on  cor  ari sons  made  within  the  family  of  air¬ 
foils  tested. 

5. 3*2. 5  160- Degree  Angle- of- Attack  Sweep.  12- Percent  Thickness  Ratio 

Comparisons  of  other  test  data  with  the  test  data  of  the  63AOI2  airfoil 
for  an  angle  of  attack  variation  from  zero  to  180  degrees  at  a  Reynolds 
number  of  3  x  1C>6  and  a  Mach  number  of  .30  are  shown  in  various  sub¬ 
figures  of  Figure  9*  Lift,  drag,  and  moment  data  for  the  entire  range 
are  presented  in  Figures  9C,  9G,  and  9K.  Similar  data  for  forward  flow 
and  for  reverse  flow  through  stall  are  shown  in  Figures  9B,  9F,  and  9J 
and  in  Figu:  's  9D,  9H,  and  9L,  using  expanded  scales,  and  include  re¬ 
sults  from  additional  references  for  the  shorter  ranges  In  angle  of 
attack. 

Test  data  for  the  whole  sweep  in  angle  of  attack  are  available  for 
the  NACA  0012  airfoil  in  Reference  A- 7  for  low- speed  incompressible 
conditions  at  a  Reynolds  number  of  1.8  X  10^.  The  data  used  in  this 
comparison  are  those  shown  for  the  first  of  two  wall  corrections  to 
which  reference  is  made  in  that  source.  Additional  data  for  the  NACA 
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0012  airfoil  which  are  used  in  the  comparisons  at  small  angles  of  for¬ 
ward  and  reversed  flow  are  obtained  from  Reference  A- 11.  These  data 
are  for  a  Mach  number  of  .JO  and  for  a  Reynolds  number  of  1.0  to 
2.0  X  10^.  The  cj  and  c^  data  of  Reference  A- 11  for  reverse  flow  are 
readily  applied  to  the  angle-of-attack  region  in  the  vicinity  of 
180  degrees.  The  moment  coefficient  data  for  reverse  flow  require  a 
correction  for  the  change  in  axis  irom  25  percent  of  the  chord  from  the 
trailing  edge  to  25  percent  from  the  nose. 

Test  data  from  both  References  A- 7  and  A- 11  are  presented  in  test 
point  form,  as  are  the  basic  data  from  this  program.  The  larger 
number  of  test  points  taken  through  the  angle-of-attack  range  more 
clearly  reflect  the  test  scatter  which  accompanies  the  angles  of 
attack  at  which  severe  flow  separation  occurs  at  the  airfoil. 

Examination  is  first  made  of  Figures  9C,  9G,  and  9K  for  overall 
characteristics  of  the  data  in  the  range  between  forward  flow  and 
reverse  flow  stall.  The  maximum  positive  and  negative  values  of  lift 
coefficient  which  occur  in  the  regions  of  degrees  and  135  degree s, 
respectively,  agree  closely  for  the  NACA  63AOI2  and  the  NACA  0012 
airfoils,  but  the  lift  slope  through  a  =  90  degrees  is  more  negative 
for  the  NACA  63AOI2  airfoil. 

The  drag  coefficient  at  a  «  9C  degrees  is  higher  for  the  NACA  63A012  air¬ 
foil  than  that  for  the  NACA  0012  airfoil.  The  higher  value  of  drag 
coefficient  was  actually  measured  in  the  tests  for  the  NACA  0012  air¬ 
foil  but  was  reduced  with  the  application  of  the  wall  corrections. 

The  maximum  negative  moment  coefficient  in  the  region  of  a  *  110  degrees 
is  significantly  more  negative  (A  Cm  25  3  - .l)  for  the  NACA  63AOI2 
than  for  the  NACA  0012  airfoil.  It  would  appear  that  a  more  detailed  l 

examination  than  can  be  applied  here  would  be  required  before 
attributing  this  difference  to  the  difference  in  thickness  distri¬ 
bution  of  the  two  airfoils.  The  data  for  the  two  airfoils  display 
a  similar  variation  of  moment  coefficient  with  angle  of  attack  in 
this  region. 

The  reverse  flow  regions  from  reverse-flow  stall  to  a  *  180  degrees 
may  be  examined  on  expanded  scales  in  Figures  9D,  9H,  and  9L*  It  may 
be  noted  that  for  the  unstalled  condition  between  a  =  172  degrees  and 
a  «  160  degrees,  the  NACA  6JA012  data  show  lower  absolute  values  than 
the  data  for  the  NACA  0012  airfoil  for  all  the  coefficients  and  slopes. 

These  include  cj,  c^,  cm  At  reverse- flow  stall,  maximum  negative 

lift  coefficient  and  maximum  negative  moment  coefficient  values  are  about 
th-  same  for  the  two  airfoils. 

The  forward  flow  data  for  angles  of  attack  through  conventional  stall 
may  be  examined  in  standard  format  in  Figures  9®,  9F,  and  9J.  Data 
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for  the  NACA  64A012  su’d  the  NACA  6^-012  airfoils  from  Reference 
A-10  and  A-63,  corresponding  to  the  data  used  in  Section  5*3*2. 2,  are 
introduced  to  complement  the  comparisons.  These  data  are  shown  in 
curve  form. 

The  lift  data  for  the  NACA  0012  airfoil  illustrate  the  typical  low 
speed,  low  turbulence  c/  max.  The  lift  curve  for  the  NACA  6JA012  airfoil 
f  * 'll «  between  the  data  for  the  NACA  6hA  012  and  the  NACA  64^-012  air¬ 
foils  and  displays  a  cj  maximum  consistent  with  that  for  the  6-Series 
airfoils  at  a  Mach  number  of  ,J>0  (See  References  A-2,  A- 52,  and  A-l*6.) 

The  drag  coefficient  and  moment  coefficient  data  for  the  NACA  63A012 
airfoil  at  angles  of  attack  up  to  8  degrees  reflect  some  of  the 
difficulties  that  were  encountered  at  the  lower  Reynolds  numbers  and 
Mach  numbers  during  a  portion  of  tnis  program.  (See  Section  5*2.) 

These  data  in  the  low  angle- of- attack  range  are  regarded  as  questionable. 
(The  ,-oment  data  do  not  vary  appreciably  from  zero,  however.;  Beyond 
this  low  angle- of- attack  range  the  drag  coefficient  and  the  moment 
coefficient  data  for  the  NACA  53A012  follow  the  previous  trend  of  fall¬ 
ing  between  the  data  for  the  NACA  64A012  and  the  NACA  64^-012  airfoils. 

5.3*2. 6  Evaluation  of  Comparisons  With  Other  Test  Results 

The  general  procedure  of  comparing  the  test  results  of  this  program 
with  the  results  of  other  tests  has  made  evident  the  similarities  and 
differences  of  these  and  other  data.  In  addition,  it  has  brought  to 
light  the  problem  areas  associated  with  the  majority  of  such  programs. 

The  test  data  of  this  program  are  shown  to  include  some  limited  regions 
of  questionable  data.  Also,  some  explicit  additional  corrections  are 
recommended,  in  other  portions  of  the  evaluation,  for  applying  the 
data  of  this  program.  Generally,  however,  on  the  basis  of  the 
observations  made  in  the  systematic  examination  of  the  comparative 
data,  it  is  concluded  that  the  results  of  the  program  are  valid. 

With  the  incorporation  of  the  recommended  corrections,  these  data 
are  considered  reasonable  in  absolute  value. 

5.3.3  Relative  Characteristics  of  the  Airfoils  Tested 

5.3.3.1  Examination  of  Test  Results 


An  examination  of  some  relative  characteristics  of  the  airfoils 
tested  is  permitted  by  the  presentation  of  data  for  several  principal 
airfoil  parameters  in  Figures  7A-1  and  7A-2, 

In  Figures  7A-2,  it  is  observed  that  the  angle  of  attack  of  zero 
lift  for  the  65A018  airfoil  is  shown  to  be  approximately  .5  degrees. 
Flow  characteristics  of  the  wind  tunnel  are  known  not  to  display  any 
flow  inclination  at  a  Mach  number  higher  than  ,50.  In  addition,  a 
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careful  examination  of  the  model  reveals  no  disparities  which  could 
cause  a  flow  asymmetry  of  this  magnitude.  It  is  suggested  that  a 
possible  misalignment  may  have  occurred  in  mounting  the  model ,  and 
that  on  this  basis,  application  of  the  data  for  this  model  should 
include  the  correction  to  the  angle  of  attack. 

Other  data  shown  in  Figure  7A-?  are  now  considered.  The  cm  data  for 
a  *  0  degrees  over  the  Mach  number  range  covered  are  acceptably  close 
to  zero  and  warrant  no  special  attention.  The  aerodynamic  center  data 
demonstrate  overall  similar  trends  for  all  thicknesses  with  increasing 
Mach  number  and,  generally,  the  data  for  all  thickness  ratios  display 
a  consistent  trend  with  increasing  Mach  number  In  regard  to  each  other. 
This  effect  is  demonstrated  by  the  fact  that  the  rapid  divergence  in 
aerodynamic  center  with  increasing  Mach  number  occurs  first  for  the 
thickest  airfoil  and  then  successively  with  each  representation  of  a 
reduction  in  thickness  ratio.  The  variation  of  the  data  for  the 
12- percent  thickness  ratio  with  Mach  numbers  below  that  of  divergence 
appears  somewhat  severe.  An  examination  of  Figures  23-A  through  F 
3hows  that  this  characteristic  for  the  12- percent  airfoil  is  generally 
limited  to  the  lower  range  of  test  Reynolds  numbers. 

In  Figures  7A-1,  the  lift  slope  data  for  c,  =  0  ana  the  drag  coeffi¬ 
cient  data  for  a  »  0  degrees  show  reasonable  and  consistent  variation 
with  Mach  number  and  for  thickness  ratio.  The  data  for  c j  :aax  do  not 
she w  trends  which  are  as  straightforward.  The  thicker  sections  shr^ 
a  falloff  in  c,  with  increasing  Mach  number  after  an  initial  drop. 
These  are  the  general  characteristics  that  would  be  expected  on  the 
basis  of  a  careful  evaluation  of  the  results  in  References  A- h6,  A- 59, 
and  A-63. 


5. 3 -3*2  Application  of  Transonic  Similarity  Rule 

Spreiter's  form  of  the  Von  Karman  Transonic  Similarity  Rule  (Refer¬ 
ences  A-26,  A-52,  A-53,  A-15,  and  A-37)  is  useful  for  correlating  aero¬ 
dynamic  characteristics  of  a  family  of  airfoils.  The  literature  is 
generally  directed  to  applications  for  wings  of  finite  span,  but  the 
required  information  for  infinite  aspect  ratio  are  also  included.  Its 
usefulness  is  evident  in  the  transonic  region  where  it  offers  a  form 
of  data  presentation.  The  linearized  Glauert-Prandtl  Rule  and  the 
Kaplan  Rule  which  are  applicable  to  Mach  numbers  between  .6  and  .8  are 
indeterminate  at  a  Mach  number  of  one.  The  transonic  similarity  rule 
is  applicable  at  the  lower  Mach  numbers  but  is  somewhat  more  compli¬ 
cated  to  use  than  the  linearized  rules.  Reference  A- 5  explains  that 
the  transonic  expression  is  valid  for  only  thin  airfoil  sections,  but 
indicates  that  the  rule  may  be  applied  with  discretion  to  extrapolate 
to  conditions  for  thicker  sections.  In  this  regard,  the  rule  has 
usefulness  in  helicopter  airfoil  work  because  published  data  for  thin 
eirfoils  passing  through  a  Mach  number  of  one  could  be  applied  to 
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somewhat  thicker  airfoils  at  high  subsonic  Mach  numbers  beyond  the 
applicability  of  the  linearized  rules. 

The  transonic  similarity  rule  is  applied  heie  as  another  tool  for 
evaluating  the  consistency  of  the  aerodynamic  data  for  the  airfoils 
tested.  It  is  accepted  that  the  application  of  this  rule  to  the 
data  for  thicker  airfoils  under  consideration  is  essentially  an 
empirical  process. 

Examples  of  the  applications  of  the  transonic  similarity  rule  to  two- 
dimensional  data  are  provided  in  References  A- 10  and  A- 24.  It  is  to 
be  noted  that  in  Reference  A- 10,  the  constant  term  of  (y  +  1)2/ 3 
is  omitted  in  the  denominator  of  the  reduced  Mach  number,  and  that  the 
constant  term  of  (y+  l)V3  is  omitted  in  the  numerator  of  the  reduced 
coefficients.  These  terms  are  included  in  the  reduced  Mach  number 
and  in  the  reduced  coefficients  derived  for  this  report  as  well  as  in 
the  corresponding  expressions  of  Reference  A- 24.  The  reduced  Mach 
number  and  the  reduced  coefficient  expressions  are  adequately  defined 
in  the  symbol  section  of  this  report. 

The  reduced  coefficient  data  are  calculated  for  the  condition  of 
c i  =  0,  Figures  11-A  and  11-3,  and  for  the  condition  of  o/(t/c)  =  .4^ 
Figures  11-C  and  11-D.  Alpha  is  measured  from  the  angle  of  attack 
for  zero  lift.  The  data  presented  in  Figures  11-A  to  11-D  corres¬ 
pond  to  forms  shown  in  Figure  23  of  Reference  A-10^  except  for  the 
constants  noted  in  the  previous  paragraph. 

Each  group  of  data  presented  in  Figures  11-A  through  11-D  shows 
consistent  trends  with  reduced  Mach  number  for  all  thickness  ratios. 
These  data  are  considered  to  display  good  correlation  whether  con¬ 
sidered  independently  or  whether  compared  with  the  data  of  Figure  23 
in  Reference  A- 10  and  of  Figure  14  in  Reference  A- 24,  The  correla¬ 
tion  shown  for  reduced  drag  coefficient  in  Figure  11-B  is  exception¬ 
ally  good. 

5«3«3«3  Evaluation  of  Related  Characteristics 

On  the  basis  of  a  simple  visual  examination  of  several  principal 
characteristics  of  the  airfoils  tested,  the  correlation  of  test  data 
with  thickness  ratio  is  generally  good.  Some  problem  areas  exist 
and  some  corrections  may  be  applied  in  making  U3e  of  the  data.  The 
aerodynamic  center  travel  for  the  12-percent-thick  airfoil  below 
Mach  divergence  at  the  low  Reynolds  numbers  is  excessive.  Use  of 
the  data  for  the  1'.  -percent -thick  airfoil  should  be  accompanied  by  a 
correction  in  angle  of  attack  from  zero  lift  which  may  be  as  much  as 
.5  of  a  degree. 
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A  complementary  evaluation  of  the  relation  of  several  aerodynamic 
characteristics  on  the  basis  of  thickness  ratio  has  been  made  with 
the  transonic  similarity  rule.  Although  this  scale  may  be  considered 
empirical  for  the  thickness  ratios  of  the  airfoils  of  this  program, 
the  correlation  of  characteristics  is  very  good. 

On  the  bases  of  general  observations  arvi  on  analytic  correlation,  it 
is  concluded  that  the  aerodynamic  characteristics  obtained  in  this 
program  are  generally  consistent  for  thickness  ratio. 

5.4  AERODYNAMIC  CHARACTERISTICS  VARIATION  WITH  REYNOLDS  NUMBER 

The  basic  evaluation  of  the  test  results  has  been  made  for  the  condition 
of  3*5  X  10^.  In  this  section,  an  examination  is  made  of  the  test  re¬ 
sults  to  establish  the  effects  of  Reynolds  number  on  some  of  the  principal 
aerodynamic  characteristics. 


Data  for  c^  variation  with  Reynolds  number  at  constant  Mach 
numbers  are  shown  in  Figures  ISA  to  18D.  Except  for  the  data  of 
M  »  .6,  c,  versus  Reynolds  number  varies  less  them  .05  unit  of 
C|,  and  this  variation  displays  no  consistent  pattern.  At  M  =  .6, 
the  12-  and  15-percent  airfoils  show  peak  values  of  c^  at  R  = 

5  X  106 .  From  this  condition  the  data  show  a  drop  of  c*  of 
more  than  .1  unit  of  c^  at  either  the  high  or  the  low  end  or  the 
Reynolds  number  range.  This  inconsistent  trend  in  c/  is 
attributed  to  the  fact  that  optimum  wall  positions  were  not  established 
and  applied  at  each  test  combination  of  Reynolds  number  and  Mach  number. 

5.4.2  c^a  at  a  =  0  degrees 


Data  for  the  variation  of  Cja  at  c»  =0  with  Reynolds  number  are 
presented  in  Figures  19A  through  19E.  At  M  =  .4,  c ^  is  essentially 
invariant  with  Reynolds  number.  With  increasing  Macn  number,  C|a 
demonstrates  an  increase  with  Reynolds  number  at  all  thicknesses 
except  for  the  18-percent- thick  airfoil.  This  airfoil  shows  a 
decrease  in  eja  between  R  =  3*5  to  5*0  X  1C)6  before  reverting  to  the 
trend  of  the  thinner  airfoils.  At  a  Mach  number  of  .80, only  the 
lower  Reynolds  number  portion  of  the  curve  is  available  for  the  18- 
percent-  thick  airfoil.  The  general  pattern  of  c^a  with  Reynolds 
number  and  thickness  ratio  for  increasing  constant  values  of  Mach 
number  is  reasonable. 

5.4.3  a  for  C|  =  0 


Data  for  the  angle  of  attack  for  zero  lift  are  presented  in  Figures 


21A  through  2 IF.  Information  on  this  parameter  for  a  symmetrical 
airfoil  is  more  related  to  the  symmetry  of  the  test  conditions  than  to 
an  expected  variation  in  Reynolds  number.  With  the  exception  of  the 
data  for  the  16- percent- thick  airfoil,  a  for  c^  =  0  does  not  vary 
more  than  *  .25  degrees.  In  the  case  of  the  lo- percent  airfoil,  a 
1.5-degree  difference  from  zero  angle  of  attack  is  shown  over  almost 
the  entire  range  of  Reynolds  numbers  and  Mach  numbers.  This  result 
is  the  same  as  that  noted  in  the  general  evaluation  of  the  test  data 
made  at  R  =  3*5  X  10^.  At  that  point,  it  was  noted  that  correct  use 
of  the  data  for  this  airfoil  would  require  the  necessary  adjustment 
for  angle  of  attack  at  zero  lift.  The  recommended  correction  for 
the  previous  case  is  equally  aoplicable  now. 

5.4.4  c^  at  a  =  0  degrees 


Drag  coefficient  data  for  Q  =  0  degrees  are  presented  versus  Reynolds 
number  at  constant  Mach  number  in  Figures  2QA  through  20F.  For  the 
Mach  numbers  from  .40  through  .70,Cd  for  a  =  0  degrees  is  essentially 
invariant  with  Reynolds  number.  Two  areas  of  conspicuously  poor 
variation  are  shown  for  the  18- percent- thick  airfoil  at  a  Mach  number 
of  .80  and  for  the  15 -percent -thick  airfoil  at  a  Mach  number  of  .90- 
In  these  two  cases,  cd  for  zero  lift  increases  from  .02  to  .03  units 
as  the  Reynolds  number  increases  in  value  from  the  lowest  to  the  highest 
values  of  Reynolds  number. 


5-4-5 


c  at  a  =  0  degrees 
m.25 


Quarter-chord  pitching  moment  coefficient  data  for  a  =  0  degrees  are 
shown  versus  Reynolds  number  at  constant  Mach  number  in  Figures  22A 
through  22F.  These  data  are  essentially  invariant  with  Reynolds  number 
and  are  generally  within  .01  unit  of  zero. 

5.4.6  Aerodynamic  Center 

Data  for  aerodynamic  center  versus  Reynolds  number  at  constant  value 
of  Macu  numoer  are  shown  in  Figures  23A  through  23F.  For  most  con¬ 
ditions,  there  are  no  significant  variations  in  aerodynamic  center 
with  Reynolds  number.  For  the  12-percent- thick  airfoil,  however, 

M  *  .50  through  .70  (i.e.,  below  Mach  divergence),  the  increase  and 
decrease  of  5  percent  in  chord  for  the  aerodynamic  center  with 
increasing  Reynolds  number  does  not  appear  reasonable.  At  constant 
Reynolds  numbers  below  drag  divergence  Mach  number,  a  wide  variation 
in  aerodynamic  center  with  Mach  number  occurs  and  is  limited  to  the 
low  Reynolds  number  condition.  This  was  previously  noted  in  the 
evaluation  of  the  test  results  at  R  =  3*5  X  10°.  Another  disparity 
in  aerodynamic  center  variation  with  Reynolds  number  occurs  at 
M  =  .80  for  the  NACA  63AOI5  airfoil. 
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5.4,7  Results  of  Examination  of  Data  With  Variation  in  Reynolds 
Number 

The  examination  of  the  variation  of  the  aerodynamic  characteristics 
with  Reynolds  number  reveals  some  disparities  similar  to  those  noted 
in  the  evaluation  of  the  data  at  R  =  5*5  X  1(>6.  However ,  the  data 
generally  show  little  variation  with  Reynolds  number,  and  that  variation 
which  occurs  is  reasonable. 
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Figure  7A-1.  Comparison  of  Aerodynamic  Parameters  for  Varying  Thickness 
Ratios,  R-  3.5  xlO6 
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Figure  7A-2.  Comparison  of  Aerodynamic  Parameters  for  Varying  Thickness 
Ratios,  R  =  3.5  x  1$ 
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Figure  7B.  Comparison  of  Aerodynamic  Parameters  -  9-Percent  Sections 
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Figure  9A-2.  Comparison  Data,  Section  Lift  Coefficient  -  12-Percent 
Sections 
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Comparison  Data,  Section  Lift  Coefficient  in  Forward  Flow 
Region  -  12-Percent  Sections 
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Figure  9D.  Comparison  Data,  Section  Lift  Coefficient  in  Reverse  Flow 
Region  -  12-Percent  Sections 
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Figure  9E-1.  Comparison  Data,  Section  Drag  Coefficient  -  12-Percent 
Sections 
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Fiqure  9E-2.  Comparison  Data,  Section  Dp»°  Coefficient  -  12-Percent 
Sections 
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Figure  9F.  Comparison  Data,  Section  Drag  Coefficient  in  Forward 
Flow  Region  -  12-Percent  Sections 
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Figure  9G.  Comparison  Data,  Section  Drag  Coefficient  Over  180  Degree 
Range  -  12-Percent  Sections 


Figure  9H.  Comparison  Data,  Section  Drag  Coefficient  in  Reverse  Flow 
Region  -  12-Percent  Sections 
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Figure  91-1.  Comparison  Data,  Section  Pitching  Moment  Coefficient  - 
12-Percent  Sections 
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Figure  91-2.  Comparison  Data,  Section  Pitching  Moment  Coefficient  - 
12-Percent  Sections 
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Figure  9L  Comparison  Data,  Section  Pitching  Moment  Coefficient 
in  Reverse  Flow  Region  -  12-Percent  Sections 
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Figure  10A.  Comparison  Data,  Section  Lift  Coefficient  - 
15-Percent  Sections 
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Comparison  Data,  Section  Pitching  Moment  Coefficient 
15-Percent  Sections 
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Figure  l’A.  Correlation  of  Experimental  Data  Using  Transonic  Similarity 


Rule  -  Reduced  Lift  Slope  at  C/  =  0 
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Correlation  of  Experimental  Data  Using  Transonic  Similarity 
Rule  -  Reduced  Drag  Coefficient  Increment  at  C  j£  =  0 
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Figure  11C.  Correlation  of  Experimental  Data  Using  Transonic  Similarity 
Rule  -  Reduced  Lift  Coefficient  and  Reduced  Moment 
Coefficient  at  otMt/c>  -  .4 


Correlation  of  Experimental  Data  Using  Transonic  Similarity 
Rule  -  Reduced  Drag  Coefficient  Increment  at  a  /(t/c)  =  .4 
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Figure  12A.  Variation  of  Section  Maximum  Lift  Coefficient  With  Mach 
Number  -  R  •  3.5  x  10^ 


Figure  12B.  Variation  of  Section  Maximum  Lift  Coefficient  With  Mach 
Number  -  R  =  5.0  x  106 


76 


Figure  12C.  Variation  of  Section  Maximum  Lift  Coefficient  With  Mach 
Number  -  R  *  6.5  x  1G6 


Figure  12D.  Variation  of  Section  Maximum  Lift  Coefficient  With  Mach 
Number  ~  R  *  8.0  x  10° 

*7  v< 

i 


Figure  13B.  Variation  of  Lift-Curve  Slope  at  C _/  -  0  With  Mach  Number 
-  R  ■  5.0  x  106 
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Variation  of  Lift-Curve  Slope  at  C  i  =  0  With  Mach  Number 
-R  *6.5x106 
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Figure  13D.  Variation  of  Lift-Curve  Slope  at  C  /  =0  With  Mach  Number 
-R*  8.0x106 
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Figure  14A.  Variation  of  Section  Drag  Coefficient  at  a=  0  With  Mach 
Number  -  R  =  3.5  x  10^ 


Figure  14B.  Variation  of  Section  Drag  Coefficient  at  a*  0  With  Mach 
Number  -  R  ■  5.0  x  10^ 
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Figure  14C.  Variation  of  Section  Drag  Coefficient  at  a  =  0  Wiih  Mach 
Number  -  R  =  6.5  x  106 


Figure  14D.  Variation  of  Section  Drag  Coefficient  at  a  =  0  With  Mach 
Number  -  P  =  8.0  x  i0^ 


Figure  15B.  Variation  of  Angle  of  Attack  at  0  With  Mach  Number 


R  -  5.0  x  10' 
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Figure  16A.  Variation  of  Section  Pitching  Moment  Coefficient  at 


CL=  0  With  Mach  Number  -  R  =  3.5  x  10 
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Fiqure  16C.  Variation  of  Section  Pitching  Moment  Coefficient  at 
<2=  0  With  Mach  Number  -  R  *  6.5  x  10^ 
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Figure  16D.  Variation  of  Section  Pitching  Moment  Coefficient  at 
Ct  -  0  With  Mach  Number  -  R  =  8,0  x  10° 
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Figure  17A.  Variation  of  Aerodynamic  Center  with  Mach  Number  - 
R  =  3. 5  x  106 
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Figure  17D.  Variation  of  Aerodynamic  Center  With  Mach  Number  - 
R  =■  8.0  x  106 


Figure  18A.  Variation  of  Section  Maximum  Lift  Coefficient  With  Reynolds 
Number  -  M  -  .40 
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Figure  18B.  Variation  of  Section  Maximum  Lift  Coefficient  With  Reynolds 
Number  -  M  =  .50 
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Fig  re  18C.  Variation  of  Section  Maximum  Lift  Coefficient  With  Reynolds 
Number  -  M  c  .60 
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Figure  18D,  Variation  of  Section  Maximum  Lift  Coefficient  With  Reynolds 
Number  -  M  -  .70 
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Figure  19A.  Variation  of  Lift-Curve  Slope  at  C  |  a  0  With  Reynolds 
Number  -  M  a  .40 


Figure  19B,  Variation  of  Lift-Curve  Slope  at  C /  =  0  With  Reynolds 
Number  -  M  a  .50 
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Figure  19D.  Variation  of  Lift-Curve  Slope  at  *  0  With  Reynolds 
Number  -  M  -  .70 
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Figure  19E.  Variation  of  Lift-Curve  Slope  at  C  i  =  0  With  Reynolds 
Number  -  M  3 .80 
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Figure  20A.  Variation  of  Section  Drag  Coefficient  at  a  «  0  With 
Reynolds  Number  -  M  c  .40 
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Figure  20B.  Variation  of  Section  Drag  Coefficient  at  Q  =  0  With 
Reynolds  Number  -  M  -  .50 
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Figure  20C.  Variation  of  Section  Drag  Coefficient  at  a  3  0  With 
Reynolds  Number  -  M  3 .60 
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Figure  20D.  Variation  of  Section  Drag  Coefficient  at  a  -  0  With 
Reynolds  Number  -  M-.70 
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Figure  20E.  Variation  of  Section  Drag  Coefficient  at  a  r  0  With 
Reynolds  Number  -  M  =  .80 
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Figure  21C.  Variation  of  Angle  of  Attack  at  C 
Number  -  M  *  .60 


With  Reynolds 


; 

63  AQ® 

i  i 

:  •  i  : 

*  ■  r  ■  ■  i 

1  • 

116 


Figure  21E.  Variation  of  Angle  of  Attack  at  C  0  With  Reynolds 


Number  -  M  3 .80 
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Variation  of  Pitching  Moment  Coefficient  at  a  a  0  With 
Reynolds  Number  -  M  s  .40 
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Figure  22C.  Variation  of  Section  Pitching  Mome\;  Coefficient  ato  0 


With  Reynolds  Number  -M  B  .60 


Figure  22D.  Variation  of  Section  Pitching  Moment  Coefficient  at  a-  0 
With  Reynolds  Number  -  M  *  .70 
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Figure  22E.  Variation  of  Section  Pitching  Moment  Coefficient  at 
a=  0  With  Reynolds  Number  -  M  e  .80 
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Figure  23A.  Variation  of  Aerodynamic  Center  With  Reynolds  Number  - 
M  *  .40 
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Figure  23B.  Variation  of  Aerodynamic  Center  With  Reynolds  Number  - 
M  =  .50 
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Figure  23D.  Variation  of  Aerodynamic  Center  With  Reynolds  Number  - 
M  =  .70 
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Figure  23F.  Variation  of  Aerodynamic  Center  With  Reynolds  Number 
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Figure  24A.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  -  3. 5  x  10^,  a  -  -4  Degrees 
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Figure  24B.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  -  3.5  x  lO^a  •  -3  Degrees 
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Figure  24C.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  =  3.5  x  10^,  a c  -2  Degrees 


Figure  24D.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  B  3.5  x  10^,  a  ■=  -1  Degree 
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Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  *  3.5  x  10^,  a  -  0  Degrees 
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Figure  24F.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  ■  3.5  x  106,  Q!c  1  Degree 
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Figure  24G.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  B  3. 5  x  10  ,  <2*2  Degrees 
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Figure  24H.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  -  3.5  x  10^,  (2  =  3  Degrees 
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Figure  241.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  c  3.5  x  10^,  a »  4  Degrees 
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Figure  24J.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  =  3.5  x  a  =  5  Degrees 
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Figure  24K.  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  =  3.5  x  10^,  CLk  6  Degrees 
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Figure  24L  Section  Lift  Coefficient  Comparison  for  Various  Thickness 
Patios,  R  =  3.5  x  10^  a  =  7  Degrees 
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Figure  24M.  Section  Lift  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  e  3.5  x  106,  a  c  8  Degrees 
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Figure  24N.  Section  Lift  Coefficient  Comparison  for  Various 
Thickness  Ratios.  R  c  3.5  x  10^,  a  -  10  Degrees 
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Figure  25A.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3. 5  x  106,  a  c  -4  Degrees 
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Figure  25B.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  It#,  a  =  -3  Degrees 
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Figure  23C.  Section  Drag  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  ■  3.5  x  10^,  a-  -2  Degrees 
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Figure  25D.  Section  Drag  Coefficient  Comparison  for  Various  Thickness 
Ratios,  R  c  3. 5  x  10^,  a  *  -1  Degree 
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Figure  25E.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  10^,  CL  =  0  Degrees 


150 


Figure  25F.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  ■  3.5  x  1$,  a  =  1  Degree 
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Figure  25G.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  3  3.5  x  10^  a  =  2  Degrees 
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Figure  25H.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  10^  a -  3  Degrees 
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Figure  251.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  106,  a  =  4  Degrees 
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Figure  25J.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  10^,  a=  5  Degrees 
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Figure  25K.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  10^  a  =  6  Degrees 
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Figure  25L  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  a  ■  7  Degrees 
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Figure  25M.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  106,  Q  8  Degrees 
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Figure  25N.  Section  Drag  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  10^  OL  -  10  Degrees 
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Section  Pitching  Moment  Coefficient  Comparison  for 
Various  Thickness  Ratios,  R  *  3,5  x  106, 
cl  3  -3  Degrees 
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Figure  26C.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  c  3.5  x  lO^Qf-  -2  Degrees 
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Figure  26D.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  c  3.5  x  10^,  Qc  -1  Degree 


Figure  26E.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  -  3.5  x  106,  a=  0  Degrees 
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Figure  26F.  Section  Pitching  Moment  Coefficient  Comparison  for 
Various  Thickness  Ratios,  R  -  3. 5  x  106,  a  *  1  Degree 
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Figure  26G.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  =  3.5  x  10^,  <3  =  2  Degrees 
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Figure  26H.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  *  3.5  x  106,  C2c  3  Degrees 
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Figure  261.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  *  3.5  x  106,  <2-  4  Degrees 
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Figure  26J.  Section  Pitching  Moment  Coefficient  Comparison  for 

Various  Thickness  Ratios,  R  -  3.5  x  106,  0.  -  5  Degrees 
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Figure  26L  Section  Pitching  Moment  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  *  3.5  x  10°, a  =  7  Degrees 
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Figure  26M.  Section  Pitching  Moment  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3.5  x  106,  G=  8  Degrees 
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Figure  26N.  Section  Pitching  Moment  Coefficient  Comparison  for  Various 
Thickness  Ratios,  R  =  3, 5  x  10^,  a  =  10°  Degrees 
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Figure  27A.  Variation  of  Section  Lift  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number,  NACA 
Section  63A009,  R  =  2.0  x  106 
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Figure  27C.  Variation  of  Section  Lift  Coefficient  With  Angie 
of  Attack  at  Constant  Mach  Number,  NACA 
Section  63A009,  R  -  5.0  x  106 
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Figure  27 F.  Variation  of  Section  Lift  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A009- 
R  =  9.5  x  106 
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Figure  28A.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack  at 
Constant  Mach  Number,  NACA  Section  63A012  -  R  -  2.0  x 
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Figure  28E.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack  at 
Constant  Mach  Number,  NACA  Section  63A012,  R  =  8. 0  x  IQ** 
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Figure  28F.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack  at 
Constant  Mach  Number,  NACA  Section  63A012  - 
R  -  9.5  x  106 


135 


186 


Figure  29A.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack  at 
Constant  Mach  Number,  NACA  Section  63A015,  R  x  2. 0  x  1 
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Figure  29C.  Variation  of  Section  Lift  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number 
NACA  Section  63A015,  R  =  5.0  x  10° 
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Figure  29E.  Variation  of  Section  Lift  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A915, 
R  -  8.0  x  106 
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Figure  29F.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack 
at  Constant  Mach  Numoer,  NACA  Section  63A015  - 
R  -  9.5  x  1G6 
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Figure  30C.  Variation  of  Station  Lift  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A018,  R  =  3.0  x  10^ 
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=  6.5  x  10 
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Figure  30E.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack 

at  Constant  Mach  Number,  N  \CA  Section  63A018, 

R  -  8.0  x  106 


Figure  30F.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack 
at  Constant  Mach  Number,  NACA  Section  63A018  - 
R  c  9. 5  x  106 
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Figure  31A. 


Variation  of  Section  Drag  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A009,  R  -  2.0x106 
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Variation  of  Section  Drag  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A009,  R-  3.5x106 
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Figure  31C.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63AG09, 
R  =  5.0  x  106 
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Figure  31D.  Variation  of  Section  Drag  Coefficient  With  Angle  o' 

Attack  at  Constant  Mach  Number,  NACA  Section  63A009, 
R  -  6.5  x  106 
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Figure  31E.  Variation  of  Section  Drag  Coefficient  With  Angie 
of  Attack  at  Constant  Mach  Number 
NACA  Section  63A009,  R  =  8. 0  x  10° 
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Figure  32A. 


Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  *  2. 0  x  106 
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Figure  32B-1.  Variation  of  Section  Drag  Coefficient  With  Angie  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  -  3.  i  x  # 
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Figure  32B-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Nurrber,  NACA  Section  63A012, 
R  =  3. 5  x  106 
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Variation  of  Section  Drag  Coefficient  With  Angie  of 
Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  -  5.0  x  id® 
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Figure  32C-2.  Variation  of  Section  Drag  Coefficient  With  Angie  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  =  5.0xi06 
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Figure  32D.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  *  6.5  x  106 
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Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  =  8.0  x  IQ6 


210 


Figure  32F.  Variation  cf  Section  Drag  Coefficient  With  Angle  of  Attack 
at  Constant  Mach  Number,  NACA  Section  63A012  - 
R  -  9.  s  x  106 
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Figure  33A.  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A015, 
R-2.0X106 

2J  2 


Figure  33B-1.  Variation  of  Section  Drag  Coefficient  Witt,  An3ie  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A01S, 
R  -  3. 5  x  106 
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Figure  33C-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack 
at  Constant  Mach  Number,  NACA  Section  63A015  - 
R  ■  5.0  x  JO6 
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Figure  33C-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack 
at  Constant  Mach  Number,  NACA  Section  63A013  - 
R  =  5.0  x  106 
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Figure  33D.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A015, 
R  -  6.5  x  106 
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Figure  33E.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A015, 
R  ”  8.0  x  106 
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Figure  33F.  Variation  of  Drag  Coefficient  With  Angie  of  Attack 
at  Constant  Mach  Number,  NACA  Section  63A015  - 
R  =  9. 5  x  106 
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Figure  34A.  Variation  c?  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  -  2. 0  x  106 
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Figure  34B-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  ■  3.5  x  106 
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Figure  34B-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  =  3. 5  x  106 
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Figure  34C-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  »5.0x  106 
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Figure  34C-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  *  5.0  x  106 
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Figure  34D.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  -  6.5  x  106 
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Figure  34E.  Variation  of  Section  Drag  Coefficient  With  Angie  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
R  =  8.0  x  106 


Figure  34F.  Variation  of  Section  Drag  Coefficient  With  Angie  of 

Attack  at  Constant  Mach  Number,  NACA  Section  63A018, 
r  -  q. s  x  106 
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Variation  of  Section  Pitching  Moment  Coefficient  With 
Annie  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A0C9,  R  *  3.5  x  I0& 


Figure  35C.  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack  at  Constant  Mach  Number, 


NACA  Section  63A009,  R  -5. Ox  10° 
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Figure  35D.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A009,  R  ■  6.5  x  106 
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Figure  35E.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A009,  R  =  8. Ox  106 
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Figure  35F.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angie  of  Attack  at  Constant  Mach  Number,  NACA  Section 
63A009  -  R  -  9. 5  x  106 
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Figure  36B.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angle 


of  Attack  at  Constant  Mach  Number,  NACA  Section  63A012, 
R  =  3.5  x  106 
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Figure  3oC.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angie 
ot  Attack  at  Constant  Mach  Number,  NACA  section  63A012, 

R  -  5.0  x  106 


Figure  36L  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack  at  Constant  Mach  Number,  NACA  Section 
63A012,  R  -  8. 0  x  106 
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Figure  36F.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number,  NACA  Section  63A012  - 
R  -  9.5  x  106 
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Figure  37A.  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angie  of  Attack  at  Constant  Mach  Number,  NACA  Section 
63A015,  R  -  2.0  x  106 

2bO 


Figure  37B.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number,  NACA  Section  6^A015, 

R  '  3.5  x  106 

2 1*1 


Figure  37C.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number,  NAIA  Section  63A015, 

R  =  5. 0  x  106 
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Figure  37D.  Variation  of  Section  Pitching  Moment  Coefficient  With  Angle 
of  Attack  at  Constant  Mach  Number,  NACA  Section  63A015, 

R  c  0.5  x  lO^ 
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Figure  37E.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A015,  R  -8.0x106 
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Figure  37F.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A015,  R  ■  9. 5  x  1CK> 
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Figure  38A.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Angle  of  Attack  at  Constant  Mach  Number,  NACA  Section 
63A018  -  R  -  2.0  x  106 
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Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack  at  Constant  Mach  Number, 
NACA  Section  63A018,  R  •  3.5  x  10& 
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Figure  38C.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A018,  R  '  5.0  x  l(r 
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Figure  38E.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack  at  Constant  Mach  Number, 

NACA  Section  63A018,  R  «  8. Ox  10& 
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Figure  38F.  Variation  o'  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack  at  Constant  Mach  Number, 
NACA  Section  63A018,  R  5  9,5  x  1$ 
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Figure  39A-1.  Variation  of  Section  Lift  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  1$, 

NACA  Section  63AQ09 
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Figure  39A-2.  Variation  of  Section  Lift  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  10$ 

NACA  Section  63A009 
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Figure  39B-1.  Variation  of  Section  Lift  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  =  3.5  x  106, 

NACA  Section  63A012 
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Variation  of  Section  Lift  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  3  3.5  x  10^ 

NACA  Section  63A012 
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Figure  39C-1.  Variation  of  Section  Lift  Coefficient  With  Mach  Number 
a*  Constant  Angle  of  Attack,  R  =  3.5  x  LO^. 

NACA  Section  63A015 
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Figure  39D-2.  Variation  of  Section  Lift  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  106,  NACA 
Section  63A018 
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Figure  40A-1.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  10^,  NACA 
Section  63A009 
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Figure  40A-2.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 

at  Constant  Angie  of  Attack,  R  -  3.5  x  106  -  NACA  Section 
63  A  009 
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Figure  40A-3.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  ■  3.5  x  10  ,  NACA 
Section  63A009 
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Figure  40B-1.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angie  of  Attack,  R  ■  3.5  x  10  ,  NACA 
Section  63A012 
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Figure  40B-2,  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  ■  3.5  x  106„  NACA 
Section  63A012 


Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  \l  x  10&,  NACA 
Section  63A012 
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Figure  40C-1.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
a;  Constant  Angle  of  Attack,  R  -  3.5  x  10^,  NACA 
Section  63A015 


Figure  4002.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  10°,  NACA 
Section  63^  015 
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Figure  40C-3.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  10  ,  NACA 
Section  63A015 
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Figure  40D-1.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  =  3.5  x  106,  NACA 
Section  63A018 
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Figure  40D-2.  Variation  of  Section  Drag  Coefficient  With  Mach  Number 
at  Constant  Angle  of  Attack,  R  »  3.5  x  106,  NACA 
Section  63A018 
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Figure  40D-3.  Variation  of  Section  Drag  Coefficient  With  N*ach  Number 
at  Constant  Angle  of  Attack,  R  -  3.5  x  10^,  NACA 
Section  63A018  _ 


Variation  of  Section  Pitching  Moment  Coefficient  With 
Mach  Number  at  Constant  Angie  of  Attack,  R  =  3. 5  x  101 
NACA  Section  63A009 
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Figure  41A  -2.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  -  3.5  x  106, 
NACA  Section  63A009 
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Figure  41A-3.  Variation  of  Section  Pitching  Moment  Coefficient  With  Mach 
Number  at  Constant  Angle  of  Attack,  R  -  3.5  x  106, 

NACA  Section  63A009 
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Figure  dlB-l.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angie  of  Attack,  R  -  3.5  x  10^, 
NACA  Section  63A012 
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Figure  41B-2.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  =  3.5  x  106, 
NACA  Section  63A012 
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Figure  41B-3.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  ■  3.5  x  106  - 
NACA  Section  63A012 
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Figure  4101.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angie  of  Attack,  R  -  3.5  x  106, 
NACA  Section  63A015 
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Figure  41C-2.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  ^;t  Constant  Angle  of  Attach,  R  ■  3.5  x  10^, 


NACA  Section  63A015 
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Figure  41C-3.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Mach  Number  at  Constant  Angle  of  Attack,  R  -  3.5  x  10 
NACA  Section  63A015 
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Figure  41D-1.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  *  3.5  x  l(r, 

NACA  Section  63A018 
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Figure  41D-2.  Variation  of  Section  Pitching  Moment  Coefficient  With 

Mach  Number  at  Constant  Angle  of  Attack,  R  =  3.5  x  106, 

NACA  Section  63A018 
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Figure  4ID-3.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Mach  Number  at  Constant  Angle  of  Attack,  R  ■  7  5  x 
NACA  Section  63A018 
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Figure  42A.  Variation  of  Section  Lift  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A009 
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Figure  42B.  Variation  of  Section  Lift  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A009 
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Figure  42C.  Variation  of  Section  Lift  Coefficient  With  Angle  of 
Attack,  NACA  Section  63AO09 
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Variation  of  Section  Lift  Coefficient  With  Angie  of 
Attack,  NACA  Section  63A009 
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Figure  42H.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  43A.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 

2Q3 
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Figure  43B.  Variation  of  Section  Lift  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A0I2 


Figure  43C.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  43D.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  43E.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  43F.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  431.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attach 
NACA  Section  63A012 
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Figure  43J.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  44A.  Variation  of  Section  Lift  Coefficient  With  Angle  of  \ttack, 
NACA  Section  63A015 
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Figure  44B.  Variation  of  Section  Lift  Coefficient  With  Angle  ot  Attack, 
NACA  Section  63A015 
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Figure  44C.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A015 
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Variation  of  Section  '  !ft  Coefficient  Wit 
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Figure  44G,  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A015 
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Figure  44H.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A015 


310 


Luujiuj 


Figure  45A.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  45B.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  45C.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  45D.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A018 
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Figure  45E.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
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Figure  45F.  Variation  of  Section  Lift  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  45H,  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A018 
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Figure  451.  Variation  of  Section  Lift  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A018 
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Figure  46A-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack,  NACA  Section  63A009 
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Figure  46A-2,  Variation  uf  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  46B-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A009 
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Figure  46B-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  46C-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  46D-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 


Attack,  NACA  Section  63A009 
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Figure  46D-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  46E-1.  Variation  of  Section  Drag  Coefficient  With  Angie  of 
Attack,  NACA  Section  63A009 
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Figure  46E-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A009 
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Figure  46F-1.  Variation  of  Section  Drag  Coefficient  With  Angie  of 
Attack,  NACA  Section  63A009 
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Figure  46F-2.  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A009 
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Figure  46G-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A009  . 
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Figure  46G-2.  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A009 
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Variation  of  Section  Drag  Coefficient  V.ith  Angle  of 
Attack,  NACA  Section  63A009 
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Figure  461.  Variation  of  Secflon  Drag  Coefficient  With  Angle  of 


Attack,  NACA  Se  j:on  63A009 
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Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A012 
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Figure  47C-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A012 
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Figure  47C-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A012 
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Figure  47D-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63A012 
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Figure  47D-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  47F-1.  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A012 
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Figure  4/G.  Variation  of  Section  Drag  Coefficient  With  Anale  of  Attack, 
NACA  Section  63A01? 
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Figure  47H.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  471.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  47j.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A012 
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Figure  48A-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48A-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 


NACA  Section  63A015 
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Figure  48B-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48B-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63 >015 
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Figure  4801.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  &3A015 
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Figure  4802.  Variation  of  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48D-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63AQ15 
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Figure  48D-2.  Variation  of  Sectior  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A015 
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Figure  48E-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  4&E-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48F.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48G.  Variation  of  Section  Dreg  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  48H.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack. 
NACA  Section  63A015 
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Figure  481.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A015 
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Figure  49A-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49A-2.  Var.aiion  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49B-1.  Variation  of  Section  Drag  Coefficient  'Aith  Angle  nf  Attack, 
MAC  A  Section  63A018 
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Fiaure  49B-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of 
Attack,  NACA  Section  63018 
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Figure  4901.  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A018 
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Figurp  4902,  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack, 
NACA  Section  63A018 
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Figure  49D-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49D-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49E-1.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49E-2.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  49F.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack. 
NACA  Section  63A018 
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Figure  49H.  Variation  of  Section  Drag  Coefficient  With  Angle  of  Attack, 
NACA  Section  63A018 
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Figure  491.  Variation  of  Section  Drag  Coefficient  With  Angie  of  Attack 
NACA  Section  63A018 
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Figure  50A.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A009 
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Figure  50B.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A009 
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Figure  50C.  Variation  of  Section  Pitching  Moment  Coeffichmt  With 
Angie  of  Attack,  NACA  Section  6?A009. 
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Figure  50D,  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A009 
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Figure  50E.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A009 
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Figure  50F.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A009 
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Figure  50H. 


Var  iation  of  Section  Pitching  Moment  Coefficient  With 
Anqie  of  Attack,  NACA  Section  63A009 
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Figure  501.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A009 
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Figure  51A.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A012 
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Figure  51C.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A012 
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Figure  51D.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A012 
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Figure  ME.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A012 
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Figure  51F.  Variation  of  Seel  ion  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A012 
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Figure  51G.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A012 
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Figure  51H.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A012 
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Figure  511.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A012 
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Figure  51J.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A012 
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Figure  52A.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A015 
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Figure  52C.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A015 

1*01 


Figure  52D.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A015 
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Figure  52F.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A015 
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Figure  52G.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A015 
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Figure  52H.  Varicvun  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A015 


Figure  521.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  O3A015 
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i  Pitching  Moment  Coefficient  With 
CA  Section  63A018 


Figure  53C.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A018 
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Figure  53D.  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack,  NACA  Section  63A018 
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Figure  53E.  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack,  NACA  Section  63A018 
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Figure  53F.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angle  of  Attack,  NACA  Section  63A018 


Figure  53G.  Variation  of  Section  Pitching  Moment  Coefficient  With 


Angle  of  Attack,  NACA  Section  63A018 
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Figure  53H.  Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attack,  NACA  Section  63A018 
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Figure  531. 


Variation  of  Section  Pitching  Moment  Coefficient  With 
Angie  of  Attach  NACA  Section  63A018 
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Figure  54A.  Wind  Tunnel  Wail  Boundary  Layer 
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Figure  540.  Wind  Tunnel  Wall  Boundary  Layer 
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Figure  54E.  Wind  Tunnel  Wall  Boundary  Layer 
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Figure  55A.  Wake  Rake  Survey,  NACA  Section  63A009  - 
M  ■  .59,  R  ■  5.2  x  10° 
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Figure  55B.  Wake  Rake  Survey,  NACA  Section  63A009  - 
M  *  .74,  R  ■  6.0  x  106 
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Figure  S5C.  Wake  Rake  Survey,  NACA  Section  63A009  - 
M  E  .79,  R  -  6.0  x  106 
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re  56A.  Wake  Rake  Survey,  NACA  Section  63A012  - 
M  ■  .59,  R  ■  7.8  x  106 
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Figure  56B.  Wake  Rake  Survey,  NACA  Section  63A012 
M  ■  .  69,  R  ■  5. 7  x  106 
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Figure  56C.  Wane  Rake  Survey,  NACA  Section  63A012  - 
M  -  .  74,  R  ■  5. 7  x  106 
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Wake  Rake  Survey,  NACA  Section  63 %015 
M  ■  .  59,  R  ■  5. 1  x  106 
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Figure  57B.  Wake  Rake  Survey,  NACA  Section  63A015  - 
iA  *■  .69,  R  -  5.9  x  106 
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Figure  57C.  Wake  Rake  Survey,  NACA  Section  63A015  - 
M  -  .74,  R  »  5.8  x  106 
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Figure  58A.  Wake  Rake  Survey,  NACA  Section  63A018  - 
M  c  .37,  R  -  2.9  x  106 
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Figure  58B.  Wake  Rake  Survey,  NACA  Section  63A018  - 
M  ■  .59,  R  -  7.8  x  106 
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Figure  58C.  Wake  Rake  Survey,  NACA  Section  63A018  - 
M  -  .64,  R  -  6.0  x  106 
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Figure  58D.  Wake  Rake  Survey,  NACA  Section  63A018  - 
M  ■  .73,  R  -  3.3  x  106 
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Figure  59A-2.  Repeatability  Data,  NACA  Section  63A009 
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Figure  60A-1.  Pitch  Rate  Comparison  Data,  NACA  Section  63A009 
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igure  60A-2.  Pitch  Rate  Comparison  Data,  NACA  Section  63A009 
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APPENDIX 


EQUATIONS  TO  DET] 


AERODYNAMIC  COEFFICIENTS 


The  equations  used  to  obtain  the  aerodynamic  coefficients  are 
presented  in  detail  below: 


N 


s  C1  N1  C0S  ^1  +  C2  N2  008  ^2  '  C1  Y1  8in  ^1  "  C2  Y2  Sin  ^2 


m 


K«  „  „1 

La  a  °fe  ^ a  SJ 


[ 


dXlv 


2w 


] 


C1  X1  +  C2  X2  '  L  ~fa  °B  +  °B 


^  cox  ^  +  C2  nig  cos  02  -  C.  ^  sin  ^  -  Cg  ng  sin 


[ 


S,"lv  ‘'"‘gw 

TTo  °B  +  To  °B 

0.7  ha  M2 


] 


J(  1  +  0.®?)^ 


N  cos  a  -  X  sin  a 
q  S 


X  cos  a  +  N  sin  Q 
q  S 


k6i 


a 

-  au  +  ^ 

where 

C  C  *  Constant  dependent  on  nuribers  of  balances  used  in  data 
reduction 

H.  *  Free  stream  total  pressure,  p.s.l.a. 

IX 

M  »  Free  stream  Mach  number 

K  =»  Total  normal  force  acting  on  model,  positive 

upwards;  pounds. 

I«1  ,  Ng  »  Normal  force  measured  by  balances  1  and  2,  positive 
upwards;  pounds 

S  =  Airfoil  area,  square  inches  »  }84 

X  =  Total  chord  force  measured  on  model,  positive  aft; 

pounds 

,  X2  *  Chord  force  measured  by  balances  1  and  2,  positive 
aft;  pounds 

Y,  ,  Y_  «  Side  force  measured  by  balances  1  and  2,  positive 
right;  pounds 
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c  «  Airfoil  chord,  inches  «  8 

Cj  »  Section  lift  coefficient 


Section  drag  coefficient 


c  ■  Section  pitching  moment  coefficient  about 

m.25  .25  airfoil  chord 


“l  »  “2 


Total  pitching  moment  measured  about  .25  airfoil 
chord,  positive  nose  up;  inch-pounds 

Pitching  moment  about  .25  airfoil  chord  measured  by 
balances  1  and  2,  positive  nose  up;  inch- pounds 


,  n^  «  Yawing  moment  measured  by  balances  1  and  2,  positive 
right;  inch- pounds 


a 


Incompressible  free  stream  dynamic  pressure,  p.s.i.a. 


*Hlv 

■>H2v 

3a 

>  da 

SXlv 

2w 

da 

*  da 

an8w 

da 

’  da 

Normal  force  weight  tares  for  balances  1  and  2 


Chord  force  weight  tares  for  balances  1  and  2 


Pitching  moment  weight  tares  for  balances  1 
and  2 


a 


Angle  of  attack  with  reference  to  airfoil  chord  line, 
positive  nose  up,  degrees 

Nominal  angle  of  attack,  degrees 


Nominal  angle  of  attack  +  balance  deflection  angle, 
degrees 


Balance  deflection  angle,  degrees 
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Deflection  of  balances  1  and  2  per  pound  of 
norml  force;  degrees/ pound 


Deflection  of  balances  1  and  2  per  inch-pound 
of  pitching  moment;  degrees/ inch- pound 

Flow  inclination,  degrees 

Roll  angles  of  balances  1  and  2,  degrees 


